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To function properly and survive in differing environmental conditions, every cell must 
organize their cytoplasm in one form or another. This requirement is increasingly necessary in 
large, multinucleated cells. Traditionally, this has been thought to be mainly driven by membrane-
bound compartments (i.e. organelles) that help eukaryotic life organize into distinct biochemical 
spaces. More recently, it’s become apparent that the continuous cytosol is also organized into 
distinct compartments, through entirely separate means. In the multinucleated Drosophila embryo, 
approximately 70% of mRNA transcripts were determined to be heterogeneously localized across 
the cell, and mRNA spatial organization in the multinucleate fungus Ashbya gossypii has 
implicated phase separating RNA binding proteins (RBPs), where transcript heterogeneity is 
critical for autonomous nuclear division and polarized growth in these syncytial cells. The ability 
of RNAs to condense into droplets is in many instances contributing to previously appreciated 
mRNA localization phenomena. Phase separation enables mRNAs to selectively and efficiently 
co-localize and be co-regulated allowing control of gene expression in time and space. The work 
presented here demonstrates that mRNA sequence not only drives the localized condensation of 
RNA-protein droplets in A. gossypii, but also, governs the identity of these specialized RNA 
granules. Work in this thesis provides evidence that the RNA binding protein, Whi3, exhibits 
differential phase-separation behavior depending on which RNA target it binds and that this 
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differential behavior is specified by features within the mRNA sequence. In addition, this work 
investigates the possibility of an auto feedback mechanism by which Whi3 phase separates with 
its own mRNA to drive differential crowding within the cytosol to promote droplet condensation 
in crowded cytosolic regions, thus creating individual territories of cytosol within a common 
syncytial cytoplasm. These data suggest mechanisms by which cells can employ asymmetric RNA 
localization, specifically the localization of RNAs via phase-separating RNA binding proteins, to 
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CHAPTER 1: INTRODUCTION 
Cytosolic organization of cellular RNAs and proteins 
The subcellular localization of RNAs and proteins in time and space is found across the 
tree of life from Escherichia coli to human cells. Evidence from genome-wide screens and targeted 
studies of specific transcripts indicates that patterned localization of messenger RNAs is 
evolutionarily conserved, ubiquitous, and important for biological function (Lécuyer et al., 2007; 
Strulson et al., 2012; Weatheritt et al., 2014). RNA localization has been shown to contribute to a 
variety of important biological functions, including body patterning in development, establishment 
of polarity, mitosis, organelle inheritance, cell migration, and local translation in neurons 
(Buxbaum et al., 2014). All these examples raise the question: why do cells localize their RNA 
molecules rather than the proteins encoded by the mRNAs? Given that newly translated protein 
can theoretically move tens of micrometers in a matter of seconds, it is not immediately clear why 
mRNAs are found to be localized in such diverse contexts. However, one condition where 
diffusion may be limiting is in exceptionally large, polarized cells, such as neurons or the long 
hyphae of filamentous fungi. In these cases, it is clear that active positioning of mRNAs is critical 
to distribute the proteome over long distances. However, mRNAs have been found to be 
asymmetrically localized in even the modest-sized cells of budding yeast, where the morphology 
of these cells allow a very small conduit between mother and bud that may constrain diffusion of 
some cytosolic proteins (Shepard et al., 2011). Thus, RNA localization may be regulated for cells 
to cope with limitations due to specific geometry and limited protein diffusion. 
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Localization of mRNA also promotes the coordinated control of gene expression in both 
space and time, allowing especially large cells to accurately regulate translation in response to 
specific cues. For example, cells can use co-localized mRNAs to co-translate protein products that 
will act together or co-assemble (e.g. tubulin) (Cleveland et al., 1981). Having the mRNAs co-
localized provides the cell with proteins in the same area, thus increasing efficiency of the 
assembly of complex, larger multimeric structures. Finally, many types of cells use RNA 
localization in their stress response pathways, halting translation of housekeeping proteins in order 
to divert resources to respond to the given stress. Altogether, there are many potential contexts 
where it is advantageous to control transcript position, as well as their encoded protein abundance 
and timing of production. 
mRNAs and RBPs localize to and promote the formation of liquid-like cell compartments 
In many contexts, the first step of positioning mRNAs at specific sites is the coordinated 
co-assembly of mRNAs into complexes—historically called granules. Granules have long been 
described in the germline of animals to allow specific partitioning of mRNAs during development, 
in neurons to promote local expression in dendrites, and the cytoplasm of cells under stress to 
preserve the transcriptome until favorable conditions return. It is now increasingly clear that a 
major mechanism by which collections of mRNAs gather is via a process of condensation that 
exploits liquid-liquid phase separation (LLPS) to form droplets (Banani et al., 2017; Hyman et al., 
2014). Condensation has many potential advantages for coordinating cohorts of RNAs. A liquid 
droplet can be transient through post-translational regulation controlling both their formation and 
dissolution. The droplet interior provides a distinct molecular environment from surrounding 
cytoplasm or nucleus where biochemistry can occur. Based on either material or chemical 
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properties, droplets can be selective and either retain or exclude specific molecular species, 
including different mRNAs.  
Ribonucleoprotein (RNP) granules are membrane-less compartmentalized bodies that 
package mRNAs and proteins together to regulate the localization, translation, and degradation of 
messenger RNAs (Buchan and Parker, 2009). Recent research has shown that these granules form 
through concentration-dependent phase separation to sub-compartmentalize the nucleoplasm and 
cytosol (Brangwynne et al., 2009; Feric et al., 2016; Li et al., 2012; Saha et al., 2016; Zhang et al., 
2015). Many such compartments have been discovered and shown to be involved in diverse 
cellular processes in eukaryotic cells and in some species of bacteria (Brangwynne et al., 2011; 
Feric and Brangwynne, 2013; Jiang et al., 2015; Lee et al., 2015; 2013; Monterroso et al., 2016; 
Rog et al., 2017; Shin and Brangwynne, 2017; Strom et al., 2017; Su et al., 2016). Control of 
condensation can restrict diffusion of cytosolic components to retain them in a particular region of 
the cell and is thought to, in some cases, promote and, in others, prevent biochemical reactions by 
sequestering components in the condensed state. Phase separation is a simple yet powerful 
mechanism to control the spatial localization and processing of molecules, without relying on the 
intensive construction and maintenance of membrane boundaries. Furthermore, as previously 
mentioned, post-translational modification and dynamic changes to specific mRNA and protein 
composition could rapidly control alterations of the material state of these assemblies. This 
potential for lability may be a critical intrinsic feature of biological condensates in promoting 
adaptive responses to fluctuating environments (Monahan et al., 2017; Riback et al., 2017). 
A potential framework for understanding LLPS of biological molecules is provided by the 
mature field of polymer chemistry, where it has been well established that weak multivalent 
interactions between long polymers can promote de-mixing (Brangwynne et al., 2015a; Jacobs and 
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Frenkel, 2017; Wall, 1954). Increasing evidence suggests that liquid-like RNP granules can also 
form through weak, multivalent interactions between RNA-binding proteins and bound RNAs 
(Figure 1.1). Many RNA-binding proteins have intrinsically disordered domains (IDDs), as well 
as an RNA binding domain (RBD) and, in many cases, multiple RBDs. Multi-valency is 
contributed by several different kinds of interactions at both the protein and RNA level. IDDs 
come in many forms and frequently are low complexity sequences. It is thought that IDDs promote 
transient interactions including cation-pi, electrostatic, and hydrophobic interactions, linking 
proteins together into a dynamic network in which each protein has multiple points of potential 
interaction with other proteins (Brangwynne et al., 2015b; Harmon et al., 2017). The actual 
molecular grammar in RBP protein-protein interactions that gives specificity and ensures 
particular combination of RBPs interact is just beginning to be understood. 
Another source of multi-valency comes from the RNA sequences. In cases where specific 
binding sites for an RBP on an RNA are known, they can be found in multiple copies interspersed 
across the sequence (Cereda et al., 2014; Falkenberg et al., 2017). Additionally, the same mRNA 
can harbor multiple binding sites for different RNA-binding proteins, providing a way to recruit 
different combinations of RBPs to the same RNP complex (Brangwynne et al., 2015a; Lin et al., 
Figure 1.1 Multi-valent interactions between RNAs and RNA-binding proteins promote liquid-liquid phase 
separation. A. RNA molecules can contain multiple RNA-binding protein (RBP) binding motifs (red dots). These 
binding motifs are recognized by the RNA-binding domains (RBD; blue rectangles) on RBPs. Many RBPs also contain 
intrinsically disordered domains (IDDs; orange rectangle), which promote protein-protein interactions. B. RNA 
molecules can act as scaffolds, binding multiple RBPs at once. In turn, the bound RBP can also form protein-protein 
interactions with other protein molecules, which relies upon their IDDs. C. Promoted by transient multi-valent 
interactions between a multitude of RNA and protein molecules, liquid-liquid phase separation can occur, forming 
complex RNA-protein droplets or granules in the cell. 
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2015; Molliex et al., 2015). In these situations, a given RNA has the potential to bind multiple 
RBPs and if an RBP has multiple RNA-binding motifs, an interconnected polymer network can 
readily emerge (Figure 1.1). The most common RBD is the RNA recognition motif (RRM), a 
highly structured domain consisting of approximately 90 amino acids with eight conserved 
aromatic residues that mediate binding through interaction with certain RNA bases (Maris et al., 
2005). In other cases, mRNAs are bound via a series of glycine-arginine rich sequences (RGG 
boxes) along the RBP and it is extremely common for multiple RGG sequences to be clustered 
together in the primary sequence of an RBP, allowing for various multivalent interactions between 
the mRNA and RBP. Notably, the RGG sequence can also promote protein-protein interactions, 
providing yet another layer of multi-valency to promote phase separation (Thandapani et al., 
2013). Thus, the combination of both RNA-binding motifs and IDDs on RBPs and RNA sequence 
features predict that phase separation could be an emergent property of these molecules combining 
together. It is likely that multivalent interactions at the level of both the proteins and RNAs are a 
fundamental first step to the self-assembly of most RNPs in cells.  
mRNA influences the physical properties of RNP droplets 
As indicated by the ability to contribute multivalent interactions, RNA is not simply a 
bystander, but a driver of condensation. Multiple studies have shown that RNA is necessary and 
sufficient for the formation of RNP droplets at physiological conditions (Burke et al., 2015; 
Elbaum-Garfinkle et al., 2015; Kroschwald et al., 2015; Lin et al., 2015; Molliex et al., 2015; 
Zhang et al., 2015). Some LLPS of RBPs with RNA require specific sequences of mRNA 
(Kroschwald et al., 2015; Zhang et al., 2015), while more promiscuous RBPs can form droplets 
with total cellular RNA or synthetic RNAs (Burke et al., 2015; Elbaum-Garfinkle et al., 2015; Lin 
et al., 2015; Molliex et al., 2015). RNA has also been shown to be supplied by active transcription 
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for the liquid-like state of the nucleolus (Weber and Brangwynne, 2015), and while RNA can lower 
the critical concentration needed for an RBP with IDDs to phase separate, high concentrations of 
mRNA can actually inhibit droplet formation (Burke et al., 2015; Zhang et al., 2015). High RNA 
concentration has been indicated to play a role in preventing the RBP FUS from forming 
assemblies in the nucleus of mammalian cells, suggesting that RNA can exert differential effects 
depending on local abundance (Maharana et al., 2018). Understanding how the local concentration 
of either total RNA or specific mRNAs controls the assembly and disassembly of liquid 
compartments is an area with much room for future study to fully understand the role of LLPS as 
both a cause and consequence of RNA subcellular localization. 
In addition to controlling the presence or absence of RBP droplets, RNA can also influence 
the biophysical properties of the droplets themselves. Although these features are not yet well 
characterized in cells, these physical properties could have important ramifications on the size and 
spatial distributions of droplets, the surface to volume ratios, transport within and between 
droplets, and preventing mixing between droplets with distinct molecular compositions 
(Giustiniani et al., 2017). Numerous studies have shown that RBPs binding to RNA is critical for 
maintenance of the fluidity of the assemblies (Elbaum-Garfinkle et al., 2015; Maharana et al., 
2018; Zhang et al., 2015). When RNA binding is ablated, liquid droplets are observed to transition 
into solid-like aggregates that mimic pathological disease contexts (Zhang et al., 2015), and 
further, RNA has been shown to either increase or decrease the viscosity and  surface tension of 
droplets depending on the concentration or RNA sequence (Elbaum-Garfinkle et al., 2015; Zhang 
et al., 2015). In addition, differential biophysical properties have been observed between RNP 
granules, such as processing bodies (P-bodies) and stress granules (SGs) (Buchan and Parker, 
2009; Jain et al., 2016; Kedersha et al., 2005; Kroschwald et al., 2015; Wheeler et al., 2016), where 
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yeast stress granules are more solid-like and P-bodies are more liquid-like. Given that RNP 
droplets can occupy a wide landscape of physical states, it will be critical to discern how the 
material states of RNP droplets influence the function of mRNAs within these structures.  
High-resolution microscopy and in vitro reconstruction of RNP granules have shown that 
all share relatively similar spherical droplet-like shapes and dynamics consistent with LLPS, such 
as wetting, dripping, and fusion (Hyman et al., 2014). These common material properties arise 
despite the fact RNA droplets are formed from diverse molecular components and serve different 
functions. RNAs may control the physical properties of droplets either due to intrinsic features of 
the RNA polymer, such as length or structure, or by modulating the proteins that are co-assembled 
with RNAs. In fungi, different mRNA sequences are associated with different relative amounts of 
RNA-binding proteins incorporated into droplets (Langdon et al., 2018). Variability in the 
concentration of RBPs in droplets might emerge from different affinities of the RBPs for different 
mRNAs or different accessibility of the binding sites for proteins on the mRNAs. These differences 
in RBP concentration, in turn, could readily contribute to differential biophysical properties of 
droplets that house different mRNAs. The degree to which these variations in biophysical states 
arise directly from the features of the RNA polymer or from RNA-dependent differences in RBP 
recruitment remains to be understood. 
RNA sequence contributes to the molecular identity of RNP droplets  
RNA also contributes to differences in the spatial organization within droplets. Though 
mechanisms are currently only partially understood, RNAs generate significant sub-structure 
within the droplet complex. This has been shown for the nucleolus where multiple phases coexist 
within the same nucleolar droplet complex. These multiple sub-compartments of nucleoli are 
caused by differences in the surface tension that are contributed by the proteins interacting with 
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RNA (Feric et al., 2016). Similarly, SGs are shown to have at least two coexisting material states, 
where more solid-like cores are surrounded by more fluid layers (Jain et al., 2016). In animals, 
where germline granules are large enough to resolve specific populations of RNAs, specific groups 
of mRNAs take residence in distinct zones within a granule, indicating that there can be sorting of 
specific mRNAs within a single droplet, as described in more detail below (Trcek et al., 2015). 
Thus, RNA has the potential to influence when and where condensation occurs, which components 
co-assemble, the emergent physical properties of droplets, and the substructures within droplets. 
However, many major outstanding questions remain a focus in this field. How is RNA regulated 
within liquid compartments? How are so many distinct RNA-based compartments formed and 
maintained as distinct entities when they share such similar physical properties? What rules govern 
the selective incorporation or exclusion of particular RNAs into liquid droplets? 
It has long been appreciated that RNA can modulate the protein-binding behavior of RBPs 
through certain structural contexts, where it has been shown that proteins prefer to bind certain 
“zip codes” or secondary structures of RNAs ( Ferrandon et al., 1997), Taliaferro et al., 2016; 
Tamayo et al., 2017). The first example of this phenomenon was demonstrated in the Drosophila 
embryo where formation of the anterior pole was shown to be driven by the localization of bicoid 
mRNA, where it interacts with the Staufen protein to form RNP granules, delineating the 
morphogen gradient (Ferrandon et al., 1997). The interaction between bicoid and Staufen is 
mediated through the intermolecular dimerization of bicoid mRNA molecules to recruit Staufen, 
and the secondary structure of the bicoid 3’ UTR is necessary for this interaction. It has been shown 
in multiple studies that the 3’ UTR is important for localization of mRNAs to their correct places 
in a variety of cell types (Mayr, 2016). Structured illumination microscopy of RNA granules in 
Drosophila has revealed that at least 200 mRNAs are enriched in the germplasm and that the 
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transcripts are not randomly organized in RNA granules. Interestingly, while proteins were found 
to be homogeneously positioned within granules, mRNAs, on the other hand, were found to be 
localized in homotypic clusters (Trcek et al., 2015). It is likely, in this instance, the mRNA 
molecules interact with one another in a sequence-specific manner to give rise to the clusters. Thus, 
RNA-RNA interactions are likely relevant for the sorting of specific mRNAs to diverse RNA-
granules and RNA-RNA interactions may in fact be a central component of physiological RNP 
granule assembly. 
Two recent studies have shown that mRNA itself can form phase separated droplets within 
the nucleus of mammalian cells, and this is dependent on the number of nucleotide repeat 
expansions that are able to form stable G-Quadruplex structures. These repeat expansions serve as 
scaffolds for multivalent RNA-RNA interactions that allow clusters of RNAs to transition in vitro 
into a sol-gel, a state somewhere between solid and gel, and in cells into aggregates linked to 
neurological disease (Jain and Vale, 2017). In addition, stress granules contain cores of interacting 
mRNA and protein molecules (Jain et al., 2016; Wheeler et al., 2016) and, recently, it has been 
shown that these cores form through RNA-RNA interactions of non-translating mRNAs (Van 
Treek et al., 2018), potentially seeding the formation of RNP granules. These few examples are 
likely representatives of what will become a longer list of mRNA localization mechanisms 
dependent upon RNA-RNA interactions. 
Cytosolic organization in the syncytial cytoplasm of Ashbya gossypii 
It is likely that phase separation plays an especially vital role in cytoplasmic organization 
in large cells, like syncytial filamentous fungi and neurons, by keeping regulators in close 
proximity to specific nuclei or, in the case of neurons, at synapses. Multinucleate cells are well-
suited to study cytosolic organization because these cells must be able to regulate their genomes 
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among separate nuclei and coordinate growth over large areas. Examples of multinucleated, 
syncytial cells include filamentous fungi like Neurospora crassa and Ashbya gossypii, as well as 
mammalian skeletal muscle and placental syncytiotrophoblast cells. Syncytia can grow to be very 
large, on the order of centimeters, and can exhibit complex geometries, such as those 
characteristics of filamentous fungi. Therefore, cytosolic organization likely requires complex 
mechanisms to coordinate the various cellular functions present, and large, multinucleate cells like 
syncytia will be especially sensitive to defects in these processes. As seen in a number of syncytial 
organisms, nuclei behave independently from one another with respect to cell cycle (A. gossypii 
and N. crassa), and transcription (skeletal muscle and placenta) (Roper et al. 2011, Serner et al. 
1978, Bursztajn et al. 1989, Gladfelter et al. 2006, Fogarty et al. 2011). Independent nuclear 
behavior within a continuous cytoplasm is consistent with the spatial organization of cytosolic 
regulators, as they are not shared equally across all cytoplasmic regions. For cytosolic regulators 
such as mRNA and/or protein molecules, diffusion may be restricted, such that each individual 
nucleus will be exposed to these various signals only at the correct time.  
In multinucleate fungi, RNPs may prevent sharing of regulators between nuclei, but one 
unsolved fundamental problem is how liquid droplets recruit distinct constituents and retain 
independent identities despite sharing a common cytoplasm. Evidence supporting the importance 
of RNPs in cells with large cytoplasmic volumes comes from a study comparing the prevalence of 
polyN/Q tracts in the proteomes of various species. The social amoeba Dictyostelium discoideum, 
which exhibits both a uni-nucleate and a complex multicellular life stage, was found to have an 
aggregation-prone proteome with a large amount of polyN/Q tract-containing proteins 
(Malinovska et al., 2015). Similarly, our work with the multinucleate fungus, Ashbya gossypii, has 
shown that RNA localization via a single RNA binding protein with an expanded polyQ tract is 
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critical for local control of two distinct cellular processes in a spatially and temporally restricted 
manner (Lee et al. 2013, 2015; Zhang et al., 2015, Langdon et al., 2018).  
In A. gossypii, as well as many filamentous ascomycete fungi, nuclei maintain 
transcriptional autonomy and divide asynchronously despite sharing a common cytoplasm 
(Anderson et al., 2013; Dundon et al., 2016; Gladfelter et al., 2006; Lee et al., 2013). Asynchronous 
division requires that individual nuclei are insulated from one another, thus not impacting each 
other’s division cycle. To achieve this, cyclin transcripts are not free to diffuse as they are bound 
by the RNP Whi3. The formation of RNP droplets localizes mRNAs near their source nuclei and, 
we predict, locally regulates their translation (Lee et al., 2013). Two domains of Whi3 affect its 
ability to form phase separated droplets in vitro and heterogeneously localize its target mRNAs in 
the cytosol: the RNA recognition motif (RRM), responsible for binding RNA, and the polyQ tract, 
a region with an enrichment of glutamine residues (Lee et al., 2013; 2015; Zhang et al., 2015).  
Additionally, the transcripts BNI1 and SPA2 are also localized into liquid-like RNP 
droplets by Whi3 at the growing tip in Ashbya, to maintain polarity as well as localized and within 
hyphae further back form the tip in order to establish new polarity sites (Knechtle et al., 2003; 
Langdon et al., 2018; Lee et al., 2015). While mRNAs have been shown to be concentrated in 
fungal hyphal tips, it remains to be seen how this asymmetry is generated. In addition, evidence of 
local translation of these transcripts has yet to be observed, although we speculate that local 
translation for spatiotemporal control of polarity plays an important role in filamentous fungi like 
it has been shown in neuronal cells. These results indicate that cells can use mRNA localization 
via liquid RNP droplets as a general mechanism to regulate the timing of cell division and growth, 
but future work is needed to elucidate the exact proteins, RNAs, and signaling pathways involved 
in the regulation of this timing.  
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Cytoplasmic streaming is an additional feature of the fungal cytoplasm that could also 
contribute to the organization of RNAs and proteins in a syncytium. The cytoplasm of these cells 
continually flows towards the growing tips, carrying cytosolic components and organelles along 
the way (Abadeh and Lew, 2013; Ramos-García et al., 2009; Roper et al., 2015). This promotes 
the transport of necessary components to sites of growth and guides nuclei, other organelles, and 
cytosol into new hyphae at branch sites. Osmotic, as well as pump-driven, water uptake during 
growth induces mass flow through the mycelial network, contributing to nutrient dispersal 
throughout the organism (Heaton et al., 2010) . To date, the interaction between large-scale fluid 
movements through mycelial networks and cytoplasmic flow within individual hyphae has not 
been thoroughly studied. The same cytoskeletal motors that transport nuclei through the mycelium 
have also been shown to generate micron-level flow in fungi (Roper and Seminara, 2017; Roper 
et al., 2015) and significantly contributes to patterning and rates of diffusion within the animal 
cytoplasm, as demonstrated by both modeling and experimental techniques (Brangwynne et al., 
2008). The P granules of the developing C. elegans germline were the first RNA granules shown 
to display liquid-like behaviors and have been observed to be deformed by liquid flows 
(Brangwynne et al., 2009), suggesting that physical factors of liquid RNPs such as surface tension 
and viscosity could interact with the extrinsic features of local cytosol to shape and pattern their 
localization within the cell. It is entirely likely that related processes contribute to micron-scale 
cytoplasmic flow in fungal mycelial networks, but the role these processes have in the assembly 






As described above, eukaryotic cells can use liquid-like droplets to cluster mRNAs and 
proteins together, and it has become increasingly clear in recent years that mRNA localization is 
a mechanism cells use to compartmentalize their cytosol for the spatial and temporal control of 
diverse biological processes. This is especially evident in syncytia, where cellular communication 
must travel large distances and be coordinated between multiple genomes. In multinucleate fungi, 
biological condensates may prevent sharing of regulators among nuclei, but there are many 
questions in this field. How these cells and their individual nuclei employ phase separation to 
organize RNAs and proteins within the cytosol, in order to respond dynamically to the needs of 
the cell, are just now beginning to be understood. Further, it is unknown exactly how RNA 
sequences evolve to organize cytosol of different volumes, and how the function of RBPs capable 
of LLPS respond to changing cellular conditions. All of these are critical questions for the role of 
RNA mediated phase separation in cytosolic organization that can be studied in syncytia. The 
coexistence of two functionally distinct populations of RNP droplets makes Ashbya a powerful 
system to study how different mRNAs are sorted into distinct droplets and how cells control when 
and where condensation occurs. 
RNP droplet position could, in principle, be controlled in several ways, including 
controlling the site of where condensation occurs followed by tethering or directed transport to a 
destination. This fast droplet assembly process presents a paradox of how the structure of the 
granule can be maintained when its components can exchange rapidly with the cytosol. Further, 
how does the cell decide which proteins and mRNAs are incorporated into each granule? 
Moreover, are certain constituents necessary for biological function? Recently, it has been shown 
that 95% of the cellular mRNA content in yeast is found within specialized types of RNA granules 
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and that intermolecular interactions between mRNAs can provide the nucleation event for RNA 
granule formation (Khong et al., 2017; Van Treek et al., 2018), but it is unclear which particular 
mRNAs, if any, are important for assembly. Purification of RNA granules from mammalian cells 
has also revealed that some RNA granules contain thousands of different mRNA molecules, and 
that mRNAs that translate proteins that are expressed at low levels are more likely targeted to 
granules (Rao and Parker, 2017), suggesting that there might be some selection of mRNAs based 
on the state of translation within the cell during a response to internal or external cues.  
The work presented here seeks to gain insight into the emerging mechanism that allows for 
the co-assembly of mRNAs into condensed liquid droplets within the cytoplasm that can efficiently 
localize mRNAs to generate compartments and asymmetry within cells. The recent findings that 
mRNAs can be localized by these liquid bodies, but also that the mRNA molecule itself can lead 
to the differential assembly, composition, and dissolution kinetics open up novel avenues to be 
explored not only in syncytial cell biology, but also broadly in uninucleate cellular organization. 
This body of work drew inspiration from the previous work in the lab implicating phase separation 
as a cytoplasmic mechanism of intracellular organization and seeks to investigate the dynamic 





CHAPTER 2: MRNA STRUCTURE DETERMINES SPECIFICITY OF A POLYQ-
DRIVEN PHASE SEPARATION 
Introduction 
Formation of non-membrane bound organelles through the condensation of 
macromolecules is a recently appreciated mechanism of intracellular organization. These liquid-
like condensates form through liquid-liquid phase separation (LLPS) and are found in the 
cytoplasm and nucleus (Banani et al., 2017; Shin and Brangwynne, 2017). A fundamental unsolved 
problem is how liquid droplets recruit distinct constituents and retain independent identities. RNA 
can drive LLPS and modulates the material properties of droplets (Elbaum-Garfinkle et al., 2015; 
Lin et al., 2015; Zhang et al., 2015; 2017), but it is unknown if RNA controls the identity and 
maintenance of coexisting liquid compartments. Here we show mRNA secondary structure is 
required for droplet identity through directing interactions between mRNAs and RNA-binding 
proteins.  
Results and Discussion 
Whi3, a polyQ-containing, RNA-binding protein first identified in Saccharomyces 
cerevisiae (Nash et al., 2001), functions in morphogenesis, memory of mating, and stress 
responses, where it forms aggregates and associates with RNA-processing bodies (Caudron and 
Barral, 2013; Colomina et al., 2014; Holmes et al., 2013; Schlissel et al., 2017). The homolog in 
the filamentous fungus Ashbya gossypii has one RNA recognition motif (RRM) and an expanded 
polyQ tract (Figure 2.S1A), and both regions promote self-assembly. In vitro, Whi3 polyQ-




Figure 2.1 Cyclin and Polarity complexes are spatially and physically distinct within the cell. A. Top, 
Whi3 forms liquid droplets in Ashbya gossypii. Below, Whi3 droplets accumulate and fuse around nuclei. 
Green arrows denote polarity droplets. Pink arrows denote perinuclear droplets. Scale bars 5 µm. B. Mean 
intensity of Whi3-tomato is higher in tip droplets (green) than perinuclear droplets (pink). C. Rate of Whi3 
incorporation is higher in tip compared to perinuclear droplets. D. smFISH images show BNI1 (green) and 
CLN3 (pink) mRNAs are spatially distinct. Nuclei are in blue. Scale bar 5 µm. E. smFISH images show 
BNI1 (green) mRNAs co-localize with polarity mRNA SPA2 (pink). Nuclei are in blue. The green arrow 
marks where the RNAs overlap at the tip. Inset scale bar 2 µm. F. BNI1 and SPA2 are significantly more 
co-localized than BNI1 and CLN3. p<0.001 for tips and p<0.01 for nuclei (Fisher’s Exact test). n= 40 nuclei 
and tips for ≥30 cells. 
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cyclin CLN3) or actin (e.g. the formin BNI1 and SPA2) (Zhang et al., 2015). Distinct types of Whi3 
droplets form in Ashbya cells: perinuclear CLN3 droplets and BNI1 droplets at sites of polarized 
growth at cell tips ((Lee et al., 2013; 2015), Figure 2.1A). These two types of droplets have 
different Whi3 levels and Whi3 incorporation rates (Figure 2.1, B and C), suggesting they are 
structurally distinct. 
The distinct droplet properties may depend on extrinsic features of the local cytosolic 
microenvironment or arise due to different droplet constituents. CLN3 and BNI1 mRNAs 
minimally co-localize in the cytoplasm by single molecule (sm) RNA F.I.S.H., although they were 
occasionally co-expressed by the same nucleus (Figure 2.1, D and F). The lack of co-localization 
suggests there are intrinsic, compositional differences between droplets. In contrast, mRNA of the 
polarity regulator SPA2, frequently co-localized with BNI1 mRNAs, especially at growth sites 
(Figure 2.1, E and F). Thus, mRNAs encoding functionally related proteins co-localize, while 
functionally unrelated mRNAs do not. How can distinct Whi3-binding mRNAs segregate to 
different droplets in a common cytoplasm? 
To address this question, we employed a reconstitution system to test if mRNA sequence 
was sufficient to generate droplet individuality (Figure 2.2A). In vitro, as in cells, droplets 
composed of BNI1 mRNA displayed higher Whi3 to RNA molar ratios than droplets made with 
CLN3 mRNA (Figure 2.S1B). Remarkably, when CLN3 mRNA was added to Whi3 droplets made 
with BNI1 mRNA, CLN3 preferentially assembled into new droplets, rather than incorporating 
into BNI1 droplets (Figure 2.2, B and C, 2.S1C). In contrast, BNI1 mRNA readily incorporated 
into preformed droplets (Figure 2.2, B and C). Notably, SPA2 mRNA incorporated into BNI1 
droplets (Figure 2.2, B and C), and CLN3 did not incorporate into SPA2 droplets (Figure 2.S1D). 
 
18 
Thus, as in cells, cyclin and polarity mRNAs assemble into distinct and immiscible droplets in 
vitro, indicating droplet identity is encoded by the mRNA.  
 mRNA sequences could influence droplet identity by favoring homotypic or specific 
heterotypic interactions between RNA molecules. To test for specific RNA-RNA interactions, we 
used a protein-free system to induce electrostatic-mediated phase transitions of the mRNA (Jain 
and Vale, 2017), where all mRNAs were capable of homotypic assembly into liquid or gel-like 
droplets (Figure 2.2D). Strikingly, CLN3 mRNAs had minimal co-localization with BNI1 or SPA2 
mRNAs, whereas BNI1 and SPA2 were significantly more co-localized (Figure 2.2 E–G). Thus, 
sequence-encoded features of the mRNA can underpin the assembly of distinct, immiscible 
structures. 
We next investigated which features of the mRNA sequence generate specificity. An 
mRNA with scrambled CLN3 coding sequence (cln3 scr) with intact Whi3-binding sites formed 
Whi3 droplets (Figure 2.S1E), but no longer showed specificity (Figure 2.3, A and C). As the 
length, nucleotide composition, and Whi3 binding sites were identical, we hypothesized the 
secondary structure could promote specificity. CLN3 mRNA heated to 95 ºC to disrupt secondary 
structure also readily incorporated into Whi3-BNI1 droplets (Figure 2.3, A and C). Melted CLN3 
mRNA that was slowly refolded (CLN3 refold) showed significantly less recruitment than melted, 
but more than native CLN3 (Figure 2.3A and C). Mixing between melted CLN3 and melted BNI1 
occurred in the presence of Whi3 and in RNA-only reactions, suggesting mixing is initiated by 
RNA-RNA interactions (Figure 2.S2). Thus, specificity information in CLN3 mRNA can be 





Figure 2.2 Polarity and cyclin complexes segregate in vitro. A. Experimental schematic of in vitro droplet 
recruitment assay. B. CLN3 mRNA (pink) is not efficiently recruited but BNI1 or SPA2 mRNA (pink) are recruited 
into preformed Whi3-BNI1 droplets (green) based on fluorescence microscopy. Scale bar 10 µm. C. Recruitment 
coefficients of mRNA from B. Boxes indicate interquartile range, line is median and whiskers contain points within 
three times the interquartile range, and outliers are indicated with (•) marks. NS, not significant, p > 0.05; **, p < 
0.01; ***, p < 0.001 (t test). n ≥500 droplets for N≥3 biological replicates. D. Cartoon schematic and representative 
images showing in vitro RNA-only droplet assay where CLN3, BNI1, and SPA2 mRNAs assemble into liquid or gel-
like droplets. Scale bar 5 µm. E. Fluorescence microscopy images showing BNI1 RNA (green) colocalizes with SPA2 
RNA (pink) in droplets. F. Fluorescence microscopy images showing CLN3 RNA (pink) does not colocalize with 
SPA2 (green) and BNI1 (green) droplets. Scale bar 5 µm. G. Quantification of co-localization between BNI1 and SPA2, 
SPA2 and CLN3, or BNI1 and CLN3 RNAs. NS, not significant, ***, p < 0.001 (Wilcoxon rank-sum test). n≥200 
droplets for N≥3 biological replicates. 
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To identify what features of CLN3 mRNA secondary structure promote specificity, we 
performed SHAPE-MaP, which identifies highly flexible regions in RNA (Smola et al., 2015), to 
determine secondary structure changes, on native, refolded, and scrambled CLN3 mRNA (Figure 
2.3D, 2.S3, A and B). The first 400 nucleotides in the CLN3 sequence exhibited especially low 
SHAPE reactivity (Figure 2.S3C, purple shaded regions), suggesting many paired nucleotides and 
a highly folded structure. Refolded CLN3 had a significant increase in SHAPE reactivity compared 
to native CLN3 (Figure 2.S3A, p <0.001, Wilcoxon rank sum test), indicating a transition to a more 
unstructured state (Fig 2.3, D and E). Melting and refolding thus allows the RNA to sample 
different conformations from those formed during transcription. As expected, cln3 scr showed a 
different SHAPE profile with dramatically altered secondary structure (Figure 2.3 D and E, 
2.3S3B). 
We hypothesized secondary structure influences mRNA sorting, as stem-loops may 
selectively display or mask sequences capable of hybridizing with other RNAs. CLN3 contains 
five complementary regions to BNI1 (Figure 2.S4A), most of which had low SHAPE reactivity 
and therefore were more structured (Figure 2.S4B), suggesting these regions are inaccessible for 
hybridizing with BNI1. We hypothesize these regions became available to pair with BNI1 when 
CLN3 is melted, causing the structure-dependent loss of droplet specificity. To test this hypothesis, 
oligonucleotides (i.e., oligos) complementary to these regions were added to melted CLN3 and 
significantly decreased the co-assembly with BNI1, restoring the formation of distinct CLN3 
droplets (Figure 2.3, B and C). Additionally, cln3sm, a mutant perturbing structure and exposing 
complementarity, co-localized with BNI1 transcripts in vitro and at polarity sites in cells (Figure 
2.3F, 2.S5, >60% tips co-localized). Thus, secondary structure can regulate RNA sorting into 




Figure 2.3 RNA secondary structure determines specificity and identity of Whi3-CLN3 droplets. A. 
Fluorescence microscopy images showing the recruitment of scrambled (cln3 scr), melted (CLN3 ml), and refolded 
CLN3 (CLN3 refold) mRNA (pink) into preformed Whi3-BNI1 droplets (green). B. Fluorescence microscopy 
images showing the loss of recruitment of CLN3 ml when mixed with oligonucleotides targeting complementary 
sequences of CLN3 to BNI1. Scale bar 10 µm. C. Quantification of A and B. *, p<0.05; **, p<0.01; ***, p < 0.001 
(t test). n≥500 droplets for N≥3 biological replicates. D. Base pairing probability from SHAPE-MaP of CLN3, cln3 
scr, and CLN3 refold show differences in the secondary structure in CLN3. Arcs connect base pairs and are colored 
by probability. E. Secondary structure models from SHAPE-MaP for the first 400 nucleotides of CLN3, CLN3 
refold, and cln3 scr. Whi3 binding sites are in orange. F. CLN3 structure mutant (cln3 sm) mRNA is significantly 
recruited to Whi3-BNI1 droplets in vitro and in vivo. **, p<0.01 (t test). Green arrows denote sites of co-localization 
between BNI1 mRNA (green) and cln3 sm mRNA (pink) by smFISH. Scale bar 10 µm for in vitro, 2 µm for in vivo. 
n ≥500 droplets for N≥3 biological replicates. 
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We next asked if exposed complementarity explains co-assembly of BNI1 and SPA2 into 
the same droplets. Indeed, SHAPE-MaP analysis of BNI1 and SPA2 showed complementary 
regions between these co-localizing mRNAs having significantly higher SHAPE reactivity and 
less structure compared to the CLN3/BNI1 regions (Fig 2.S4 and 2.S6; p < 0.002, t test). Addition 
of complementary oligos to these regions disrupted co-localization in the presence of Whi3 and in 
RNA-only reactions (Figure 2.S7, A and B). We predicted that CLN3 may self-assemble and 
indeed cln3 codon, a CLN3 mutant whose codons have been randomized but Whi3 binding sites 
remain intact, does not co-localize with endogenous CLN3 mRNA in cells, further supporting 
RNA-RNA interactions in co-assembly of related RNAs (Fig 2.S7C). These data suggest RNA-
RNA interactions based on intermolecular hybridization direct RNAs into the same or different 
droplets. 
Does Whi3 protein influence the identity of droplets? The majority of Whi3 binding sites 
are exposed on stem loops in CLN3, BNI1, and SPA2 (Figure 2.3E, 2.S8 and 2.S9). Notably, 
refolding or scrambling the CLN3 sequence rearranges the presentation of Whi3 binding sites 
(Figure 2.3E). Therefore, RNA secondary structure may influence Whi3 binding and contribute to 
droplet composition and immiscibility in addition to RNA complexing. SHAPE-MaP of CLN3 
mRNA in the presence of Whi3 support that Whi3 binding sites are occupied by protein (Figure 
2.4A, 2.S10A) and revealed that protein binding causes structural rearrangements (Figure 2.4B). 
We therefore hypothesize Whi3 binding may have important contributions to structural 





Figure 2.4 Whi3 binding alters RNA behavior. A. Differences in SHAPE reactivities (ΔSHAPE) were calculated 
by subtracting CLN3 SHAPE reactivities from CLN3 + Whi3 reactivities. Positive ΔSHAPE values indicate protection 
from modification in the presence of Whi3 and negative ΔSHAPE reports enhanced reactivity in the absence of Whi3 
protein. B. Base pairing probability compared between CLN3 and CLN3 with Whi3 shows rearrangements in CLN3 
structure in the presence of Whi3. Arcs connect base pairing sites and are colored by probability. C. Schematic of 
smFRET experiment. D. FRET histograms before (gray) and after (green) 0.5 or 5 µM Whi3 addition. Purple shaded 
regions denote high and mid FRET states for CLN3 and BNI1, respectively. E. Averaged cy3 (green), cy5 (red) 
intensities, and representative FRET traces (blue) obtained from smFRET experiments of CLN3 and BNI1 in the 
presence of 5 µM Whi3. Dwell time analysis reveals slower FRET fluctuations for CLN3 than BNI1 in the presence 
of Whi3. F. Proposed model in which RNA-RNA interactions derived from mRNA structure promotes the selective 
uptake of distinct RNAs and protein constituents into droplets leading to distinct dynamics (orange zigzags) of 
different droplet complexes. 
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To examine the consequence of Whi3 binding to RNA, we used smFRET (Figure 2.4C) to 
measure the conformational dynamics of CLN3 and BNI1 mRNAs with and without Whi3 (Kim 
and Myong, 2016). In the absence of protein, CLN3 RNA showed high FRET values indicative of 
a compacted state, while BNI1 RNA showed lower FRET values, indicating a less compact state 
(Figure 2.4D, purple shaded regions). Upon addition of Whi3, CLN3 FRET values decreased, 
indicating more extended RNA conformations were induced, dependent on the ability of Whi3 to 
bind mRNA (Fig 2.S10, B and C). In contrast, bound to Whi3, BNI1 RNA showed a more 
substantial broadening of FRET values (Figure 2.4D), indicating Whi3-BNI1 complexes are more 
dynamic. Dwell-time analysis revealed Whi3-induced dynamics are three times faster for BNI1 
than CLN3 (Figure 2.4E). Different mRNAs thus react differentially in their intramolecular 
fluctuations to the presence of Whi3, providing an additional mode of RNA droplet regulation. 
These FRET studies suggest Whi3 binding alters the conformational dynamics of target 
RNAs. We speculate these differential dynamics help maintain droplet identities established by 
RNA-RNA interactions. Once RNA-RNA interactions are formed, Whi3 binding may reduce the 
ability of the RNA to resample many alternate RNA structures to maintain the identity. 
Additionally, the slower fluctuations of CLN3 bound to Whi3 may be one source of exclusion from 
the more rapidly fluctuating BNI1-Whi3 complexes in those droplets. Such dynamics may drive 
the droplet material properties reported previously (Zhang et al., 2015) and serve as barriers to 
homogenization.  
We show mRNA structure defines the ability of an RNA to engage in homo- or heteromeric 
interactions and thus drives specificity in the composition of liquid droplet compartments. This 
mechanism is likely relevant for the sorting of specific RNAs to other RNA-granules such as stress 
and P granules, and P-bodies (Trcek et al., 2015; Van Treek et al., 2018). Future work will address 
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the timing and location of how mRNA secondary structure influences selective uptake of cellular 
constituents into droplets. Protein binding to different RNAs can lead to varied dynamics of 
complexes, further distinguishing the physical properties of different droplets and promoting 
immiscibility of coexisting droplets (Figure 2.4F). Given the large number of distinct, RNA-based 
condensates in the cell, these mechanisms are likely broadly relevant to explain how droplets 
achieve and maintain individuality. 
Materials and Methods 
Plasmid and Strain Construction 
To create pcln3sm::GEN; cln3∆::NAT1 construct, under the control of its own promoter, 
the entire plasmid AGB237 (pCLN3- GFP::GEN3, AMP) was amplified using primers Phusion 
polymerase (New England Biolabs) and AGO2308 (GGGCTGTTA 
ATATCTCATACCCGTTGTGGTTTGCATATTATACACATATTCG) and AGO2309 
(CGAATATGTGTATAATATGCAAACCACAACGGGTATGAGATATTAACAGCCC). This 
mutated a region 31 base pairs upstream of the ORF from AACACC to TTGTGG. The reaction 
was digested with DpnI (New England Biolabs). The 5’UTR, ORF, and 3’UTR were sequenced 
by Genewiz, confirming that TTGTGG was the only mutation. This plasmid was transformed into 
A. gossypii AG612 (cln3Δ::NAT1) via electroporation and selection on AFM+G418 plates. 
To create pcln3sm::GEN under control of a T7 promoter, the entire plasmid AGB690 
(CLN3-GFP) was amplified with the primers AGO2308 and AGO 2309 using the QuickChange 
XL Site-Directed Mutagenesis kit (Agilent Technologies) following the instructions. The 5’UTR, 
ORF, and 3’UTR were sequenced by Genewiz, confirming that TTGTGG was the only mutation. 
This plasmid was then digested and used as a template to transcribe RNA using the T7 HiScribe 
in vitro transcription kit (NEB). 
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To create the pcln3scr2; ∆l∆t, a geneblock containing the scrambled coding sequence for 
CLN3 was ordered from GenScript and amplified with primers 5’ 
TAAACGAAGGCAAAGAGCTCGGTACCCGGGGACGTTCACTAATCTTAATACG 3’ and 
5’GTGAAAAGTTCTTCTCCTTTACTCATCTCAGTACGCGGCCGCTCGAGAGATCTTGT
AATTAATCCTGC 3’. AGB392, a plasmid containing GFP under the control of the S. cerevisiae 
HIS3 promoter, was cut with BamHI and SpeI restriction enzymes to linearize the plasmid. The 
CLN3 scr2 amplified coding sequence was cloned into the cut AGB392 vector using NEBuilder 
HiFi DNA Assembly (New England Biolabs). Cloning was confirmed via sequencing (Genewiz) 
using 5’ TGGTTATGGCGCCCTCACAG 3’ and 5’ GCCCATTAACATCACCATCTAATTC 3’. 
This plasmid was transformed into WT A. gossypii (AG416) via electroporation and selection on 
AFM+G418 plates. 
Cell culture and Imaging 
Ashbya cells were grown in 10 mL Ashbya full media (AFM) under selection of either 
G418 (200 µg/ml) or Clonat (100 µg/ml) in a 125 ml baffled flask shaking at 30 ºC for 16 hours. 
The cultures were then transferred to 15 ml conical tubes (VWR) for centrifugation at 350 rpm for 
2 min. AFM was removed and cells were suspended in 10 ml 2X Low Fluorescence media. Cells 
were then placed on a 2X Low Fluorescence media gel-pad containing 1% agarose embedded in a 
depression slides, sealed with valap and imaged. For dye incorporation experiments, Ashbya cells 
encoding a Whi3 HaloTag were spun down, washed with 2X Low Fluorescence Media and then 
incubated with 62.5 nM JF649 Halo dye (Lavis Lab, Janelia Farms Research Campus) for 20 min. 
The cells were then washed twice before being placed on gel pads and imaged at indicated time 
intervals. Image intensity for each droplet was quantified by finding the highest intensity pixel 
within the droplet and then taking the average intensity of a circle of about 9 pixels around the 
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highest intensity pixel. All image processing and analysis for in vivo experiments was carried out 
in either Fiji or MATLAB For Whi3-tomato measurements, N=2 independent experiments with 
n=4 cells, 73 perinuclear droplets and 27 tip droplets were measured and for Whi3-Halo, N=2 
independent experiments n=7 cells, 40 perinuclear droplets and 15 tip droplets were measured.  
Single molecule RNA F.I.S.H and Imaging 
RNA smFISH labeling was performed as previously described (12). Briefly, cells were 
grown overnight at 30 ºC in AFM and were fixed using 3.7% (vol/vol) formaldehyde (Fisher 
Scientific) and then washed twice with cold buffer B. Cells were resuspended in 1mL of 
spheroplasting buffer and digested using 1.5 mg/ml Zymolyase (MP Biomedicals) for 30 min at 
37 ºC. Cells were washed twice with buffer B, and then treated with Proteinase K for 5 min to 
digest proteins and unmask protein-bound RNAs. Cells were then washed twice before being 
resuspended in 70% ethanol and incubated overnight at 4 ºC. Cells were washed twice with SSC 
wash buffer before being resuspended in hybridization buffer containing Tetraethyl rhodamine 
(TAMARA) or cy5-conjugated RNA FISH probes (Stellaris LGC Biosearch Technologies) 
complementary to each transcript of interest. Cells were incubated in the dark overnight at 37 ºC. 
After incubation, cells were washed once with wash buffer, incubated with 5 µg/ml Hoechst 
(Invitrogen) and incubated at room temperature for 30 min before being washed a final time with 
wash buffer, mounted on glass slides with 20 µl Prolong Gold mounting medium (Invitrogen), 
sealed with nail polish, and then imaged. Images were de-convolved using 29 iterations of the 




Analysis of mRNA fraction co-localized 
An 8 X 10 ROI was generated at the tips of hyphae or around individual nuclei in merged 
images. Percent of co-localization was determined by counting the presence of overlapping signal 
from each of the individual mRNA channels. A total of 40 tips and nuclei were used for analysis 
and taken across at least 2 biological replicates. mRNAs inside the nucleus were counted and co-
localization events inside the nucleus were counted as well.  
Recombinant Protein Expression and Purification  
Protein purification was performed as previously described (3). In brief, full length Whi3 
or whi3-Y610-F653A was tagged with an N-terminal 6-Histidine tag and expressed in BL21 E. coli 
(New England Biolabs). For labeled protein, full length Whi3 was tagged with a C-terminal GFP. 
Cells were lysed in lysis buffer (1.5M KCl, 20 mM Tris pH 8.0, 20 mM Imidazole pH 8, 1 mM 
DTT, 1 tablet of Roche protease inhibitor cocktail). The supernatant was incubated and passed 
over a Ni-NTA resin (Qiagen) in gravity columns. The resin was then washed with 10CV lysis 
buffer and protein was eluted with 6CV elution buffer (150 mM KCl, 20 mM Tris pH 8.0, 200 
mM Imidazole pH 8.0,1 mM DTT). The fractions containing Whi3 protein were dialyzed into 
fresh droplet buffer (150 mM KCl, 20 mM Tris pH 8.0, 1 mM DTT) and measured with Bradford 
reagent. Aliquots of protein were flash frozen and stored at -80 ºC.  
RNA Transcription 
The T7 promoter 5’ TAATACGACTCACTATAGGG 3’ was cloned into the 5’ end of 
CLN3 (AGB 690), BNI1 (AGB 691), and SPA2 (AGB 692). The cln3-scr plasmid was synthesized 
with the T7 promoter (IDT). Plasmid DNA was digested with restriction enzymes to obtain a linear 
DNA template that was then transcribed using T7 Hiscribe in vitro transcription kit (NEB) 
according to manufacturer’s instructions. To obtain labeled RNA for imaging, 0.1 µl of 5 mM cy3-
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UTP or cy5-UTP (GE Healthcare) was added into the transcription reaction. Transcribed RNAs 
were then treated with DNase, precipitated with LiCl, and washed with 85% ethanol before being 
re-suspended in TE buffer and stored at -80 ºC. 
Droplet Assembly and Imaging 
Whi3 used in experiments contain 10:1 unlabeled to GFP-labeled protein. For recruitment 
experiments, Whi3 protein and cy5 labeled BNI1 RNA were mixed and incubated for four hours 
in glass chambers (Grace Bio-Labs) at room temperature to desired concentrations in droplet 
buffer. The chambers were pre-treated with 30 mg/mL BSA (Sigma) for 30 minutes. After four 
hours, cy3-labeled RNA of interest was added to the wells, mixed, and incubated for 30 min. 
Imaging of droplets was done either on a spinning disc confocal microscope (Nikon CSU-W1) 
with VC Plan Apo 60X/1.49 NA oil immersion objective and an sCMOS 85% QE camera 
(Photometrics) or a custom spinning disk confocal microscope (Nikon Ti-Eclipse equipped with a 
Yokogawa CSU-X spinning disk module) using a 60X 1.49 NA oil immersion objective and an 
air-cooled EM-CCD camera. For the RNA melting experiments, RNA was denatured at 95 ºC for 
three minutes and then immediately added to preformed droplets. For the RNA refolding 
experiments, RNA was denatured at 95 ºC for three minutes and then cooled down at 1-4 ºC per 
minute to 37 ºC final temperature in a thermocycler, added to preformed droplets, and imaged 
immediately. For the BNI1 melted experiments, BNI1 mRNA was heated to 95 ºC for 3 minutes 
before being mixed with Whi3 and incubated for 2 hours. CLN3 mRNA was then added and 
immediately imaged. For the CLN3 oligonucleotide experiments, 5 nM CLN3 was mixed with a 
100 nM mixture of the 5 oligo nucleotides. This mixture was then melted to 95 ºC for 5 min then 
cooled to 70 ºC (average melting temperature for the 5 oligos) for 10 min in a thermocycler before 
being added to BNI1 droplets and imaged. For the SPA2 oligonucleotide experiments, 5 nM of 
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SPA2 was mixed with a 100 nM mixture of the 4 oligo nucleotides (Supplemental Table 2). This 
mixture was then incubated at 25 ºC for 10 min in a thermocycler before being added to BNI1 
droplets and imaged. At least five independent imaging areas were analyzed for each condition for 
each replicate. Data shown are representative of three or more independent replicates, across at 
least two RNA and protein preparations.  
RNA Spermine experiments and analysis 
For RNA spermine experiments, 10 nM in vitro transcribed mRNAs were incubated for 4 
hours in Spermine buffer (10 mM Spermine tetrahydrochloride (Sigma), 20 mM KCl, 10 mM 
MgCl2) as previously described (14) and then imaged on a custom spinning disk confocal 
microscope (Nikon Ti-Eclipse equipped with a Yokogawa CSU-X spinning disk module) using a 
60X 1.49 NA oil immersion objective and an air-cooled EM-CCD camera. For the RNA melting 
experiments, both BNI1 and CLN3 were melted for 3 minutes at 95 ºC before being mixed together 
and incubated for four hours. For the CLN3 oligonucleotide experiments, 10 nM CLN3 was mixed 
with a 100 nM mixture of the 5 oligo nucleotides. This mixture was then melted to 95 ºC for 5 min 
then cooled to 70 ºC for 10 min in a thermocycler before being added to wells to incubate for four 
hours. For the SPA2 oligonucleotide experiments, 10 nM of SPA2 was mixed with a 100 nM 
mixture of the 4 oligo nucleotides. This mixture was then incubated at 25 ºC for 10 min in a 
thermocycler before being added to wells to incubate for four hours. Images were cropped to the 
middle 11 z stacks. Cy3 and cy5 channels, representing the different RNAs, were split and each 
channel was background subtracted with a 100-pixel rolling ball. Data shown are representative of 
three or more independent replicates, across at least two RNA preparations. The ImageJ plugin 
“JACoP” (https://imagej.nih.gov/ij/plugins/track/jacop.html) was used to calculate the Pearson’s 
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Correlation Coefficient between the two background-subtracted channels. The Wilcoxon Rank 
Sum Test was used to test for statistical significance between experimental conditions. 
 
The DNA oligonucleotide sequences (IDT) used are as follows. 
CLN3 to BNI1:  
  30 mer 461-479:   5’tcaaagTGCGCATCTCCACGGTAAGttccg 3’ 
  30 mer 748-758:   5’cagagcacaCAGACCAGTTAaggctcttga 3’ 
  30 mer 969-992:   5’ctaTGAACTCGGAGAGCTCAGCGAGTCgga3’ 
  30 mer 1225-1248:  5’gcaCTGTCCGGTGCtGAGCCTGCACATggc 3’ 
SPA2 to BNI1: 30 mer 55-85:   5’ GGGTCGAGCTTagacctgggcgcaggcatt 3’30 mer 
1266-1296:  5’ gtcgaaAGTGATGATATCAACAGaggatgg 3’ 
 30 mer 4173-4203:  5’tcgggcTGCTTCTCCAGGATCATtggtgtc  3’ 
 30 mer 4294-4324:  5’ tcgcctTTTAATTTTGAGACTTCatcaggg 3’ 
 30 mer 10018-10048:  5’ tcgaatataAGCCGCACCGCCtcccactct 3’ 
Analysis of RNA Recruitment 
We calculated a Recruitment Coefficient (RC) for RNAs added into preformed Whi3-BNI1 
droplets which is defined by the following equation:  
 
 
where RC is the recruitment coefficient, [RNA]PD is the concentration of added RNA (cy3) within 
the preformed droplets, [RNA]O is the concentration of added RNA (cy3) outside the preformed 
droplets. A higher RC indicates that the RNA is more concentrated in preformed droplets. All 
image analysis was performed using Fiji. To obtain the concentration of RNA, image channels 
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were split into preformed droplets (cy5) and added RNA (cy3). A mask was created on the 
preformed droplet channel after background subtraction. Droplets were identified using the 3D 
objects Counter plugin, with intensity threshold of 1480 for data acquired on the Yokogawa CSU-
X and 100 for data acquired on the Nikon CSU-W1. This method was used to obtain the integrated 
density of the cy3 channel and the area of the preformed droplets. Average mean fluorescent 
intensity (MFI) of preformed droplets was then calculated as the sum of integrated density across 
the z-stack volume divided by sum of area across the z-stack volume. Then, per z-stack volume, 
inverse selection of preformed droplets is measured for integrated density and area. Average MFI 
outside preformed droplets calculated as above. MFI values are converted to dye concentration 
using linear fit of a concentration curve of cy3 dye (one for each instrument). RNA concentrations 
were obtained by normalizing the dye concentration by the average number of dye molecules 
incorporated into each different RNA. To calculate significance between different RNAs, unpaired 
t tests were performed on log-transformed RC values between experimental conditions in R 
version 3.4.  
Analysis of Whi3 to RNA ratios 
Whi3-RNA droplets were imaged, as previously described, over the course of four hours, 
starting thirty minutes after the addition of the RNA to Whi3. Image analysis was performed in 
Fiji. For each time point, the RNA and Whi3 channels were split, background subtracted, and 3D 
object counter was used to measure the MFI of both RNA and Whi3 channels separately. MFI 
values for RNA and Whi3 were then converted to concentrations based on a linear GFP or RNA 
dye curve. Whi3 concentrations were corrected for the unlabeled protein present. For each time 
point, the average concentration was calculated and then the ratio of Whi3 to RNA was calculated 
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as the average Whi3 concentration divided by the average RNA concentration. The standard 
deviation of the ratio was calculated based on the following equation: 
 
where Whi3 is the concentration of Whi3, RNA is the concentration of RNA, Var(x) is the variance 
of variable x, and Cov (x, y) is the covariance of variables x and y. 
SHAPE-MaP experiments and Analysis 
SHAPE-MaP was performed as previously described (15). In brief, 500 ng of in vitro 
transcribed RNA was added to one-ninth volume of 1M7 or neat DMSO (10 mM final 
concentration) and incubated at room temperature for 10 minutes. RNAs were exchanged into TE 
buffer (10 mM Tris-HCl, 1 mM EDTA) (Ambion) using a desalting column (GE Life Sciences). 
For CLN3, CLN3 refolded, cln3 scr, cln3 sm, BNI1 and SPA2 mRNAs, modified (1M7) and 
untreated (DMSO) RNAs were subjected to mutational profiling (MaP) reverse transcription with 
a random primer (200 ng/ µl R9, NEB). The resulting cDNA was purified (Agencourt RNACLean 
XP beads, Beckman Coulter) and prepared for library construction by second strand synthesis 
module (NEB). These cDNAs were then used in amplicon library preparation using Nextera XT 
indices 1 and 2 and tagmentation and PCR protocol. CLN3 that was modified with 1M7 or 
incubated with DMSO in the presence of Whi3 protein (2 µM Whi3, 27 nM CLN3), was heated to 
95 °C to denature the proteins and RNA was recovered and purified with RNAClean XP beads. 
The RNAs were subjected to mutational profiling (MaP) reverse transcription with a gene specific 
primer (5’ CGGCTGGGACTGGAAGC 3’; IDT) to amplify the first 500 nucleotides of the 
mRNA. Sequencing libraries were created with CLN3 and Whi3 + CLN3 amplicons using IDT 
gene specific primers F1 (5’GACTGGAGTTCAGACGTGTGCTCTTCCGATCT 
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NNNNNGTCTGCATACCAAGGATCAGC 3’) and R1 
(5’CCCTACACGACGCTCTTCCGATCTNNNNNCGGCTGGGACTGGAAGC 3’).  
 
Libraries were purified using DNA beads (Agencourt) and sequencing libraries were pooled and 
then sequenced on an Illumina MiSeq instrument. SHAPE reactivity profiles were created by 
aligning the RNA reference sequence using ShapeMapper v 0.15 
(http://.chem.unc.edu/rna/software.html). Default parameters were used and the folding module 
was not used. RNA structural modeling was created by Superfold with 1M7 reactivities under 
default parameters and deltaSHAPE was calculated and plotted using deltaSHAPE software 
(http://.chem.unc.edu/rna/software.html). RNA secondary structure arc plots were drawn with 
recently developed tools implemented in the Integrative Genomics Viewer (Smola et al., 2015). 
 
Median read depths are reported in Table S1 
RNA Modified read depth Untreated read depth 
CLN3 88,775 31,645 
CLN3 refold 15,989 15,380 
cln3 scr 38,418 32,906 
cln3 sm 101,590 98,472 
BNI1 27,147 38,362 
SPA2 20,936 9,314 
CLN3 (amplicon) 233,978 219,741 
CLN3 + WHI3 (amplicon) 37, 236 128,531 
  




Single Molecule FRET experiments and Analysis. 
A custom-built total internal reflection fluorescence (TIRF) microscope was used for all 
single molecule fluorescence assays. Lasers of different wavelengths were used to excite different 
fluorescent dyes. For FRET experiments involving Cy3 (donor) and Cy5 (acceptor) dyes, a solid 
state 532nm laser (75mW, Coherent CUBE) was used to excite the donor dye. For the counting of 
GFP photobleaching steps, a 488nm laser (50mW, Coherent Sapphire) was used. For FRET 
imaging, the emitted signals were separated by dichroic mirrors with a wavelength cutoff of 630nm 
to separate the Cy3 and Cy5 emissions. The signals were then detected by an EMCCD camera 
(iXon DU-897ECS0-#BV; Andor Technology). The camera was controlled via a custom C++ 
program, and single molecule traces extracted recorded data using IDL software. Single molecule 
traces were then displayed and analyzed using MATLAB and Origin software. All code can be 
found in the single molecule FRET (smFRET) package available at the Center for the Physics of 
Living Cells (https://cplc.illinois.edu/software/, Biophysics Department, University of Illinois at 
Urbana-Champaign). 
RNA substrate prep 
Single strand RNAs were ordered from Integrated DNA Technologies (Coralville, IA, 
USA) containing amino modifier at the labeling site. The RNAs were labeled using Cy3/Cy5 
monofunctional NHS esters (GE Healthcare, Princeton, NJ, USA). Then, 10 nmol of amino 
modified oligonucleotides in 50 ml of ddH2O and 100 nmol of Cy3/Cy5 NHS ester dissolved in 
DMSO was added and incubated with rotation overnight at room temperature in the dark. The 
labeled oligonucleotides were purified by ethanol precipitation. 
For FRET experiments, CLN3 and BNI1 FRET RNA partial duplex RNA substrates were 
composed of dsRNA consisting of 18 bps of random CG-rich sequences and ssRNA consisting of 
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truncated versions of CLN3 or BNI1 RNA. A Cy5-Cy3 FRET pair was placed at the junction and 
the 3’ end of the ssRNA, respectively (Figure 2.4C).  
The RNA sequences used are as follows: 
18mer for CLN3: 5’ – Biotin – UGG CGA CGG CAG CGA GGC – Cy5 – 3’ 
CLN3 RNA: 5’ – Cy3 – UAC CUG CAC GCG GUC GAG ACG UCU GCA UAC CAA GGA 
UCA GCC GCU UGC AUU AAA GGG GAC GAA CCG GGG C GCC UCG CUG CCG UCG 
CCA – 3’ 
18mer for BNI1: 5' – Biotin – ACC GCU GCC GUC GCU CCG – Cy5 – 3' 
RNA: 5’ – Cy3 – AUA UUC UAC AUG AUU AUG AUG CAU UAG AGA AGG AAA ACG 
CCU ACU AUA AGU GUU UGA GAG UCC AUA UUC UAC AUG AU CGG AGC GAC GGC 
AGC GGU – 3’ 
RNA substrates were annealed by mixing the biotinylated and non-biotinylated 
oligonucleotides in a 1:2 molar ratio in T50 buffer (50mM NaCl, 10mM Tris-HCl (pH 8.0)). The 
final concentration of the mixture was 10uM. The mixture was then incubated at 95 °C for 2 
minutes followed by slow cooling to room temperature to complete the annealing reaction in just 
under two hours. The annealed RNAs were diluted to 10nM single molecule stock concentration 
and stored at -20°C. 
All experiments were performed in Whi3 Reaction Buffer (150mM KCl, 50mM Tris-HCl 
(pH 8.0), 1mM DTT) with an oxygen scavenging system containing 0.8% v/v dextrose, 1 mg/ml 
glucose oxidase, 0.03 mg/ml catalase, and 10mM Trolox. All chemicals were purchased from 
Sigma Aldrich (St. Louis, MO). The experiments were all performed at room temperature. Fifty 
to 100pM of biotinylated FRET RNA were immobilized on polyethylene glycol (PEG)-coated 
quartz surface via biotin-neutravidin linkage.  
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Whi3-RNA FRET experiment 
Whi3 proteins were prepared as described above. Then, 0.5 to 5uM of Whi3 or whi3-Y610-
F653A proteins in droplet buffer was added to immobilized RNA substrates, and 10-20 short 
movies (10 seconds) and 3-4 long movies (2 minutes) were then taken to monitor the Cy3 and Cy5 
emission intensities over time. These are then analyzed to produce the FRET histograms and 
trajectories shown in Figure 2.4D.  
Dip-to-dip FRET fluctuation dwell times were collected between each successive dip in 
the FRET trace. These time intervals were then fitted to a single exponential decay function using 







Figure 2.S1 Whi3, a polyQ-containing protein, forms LLPS droplets in vitro. A. Cartoon schematic of Whi3 
protein sequence, in A. gossypii, depicting the disordered (polyQ, blue) and RNA binding domains (RRM, red). B. 
Whi3-BNI1 droplets (green) incorporate more Whi3 protein over time in vitro compared to Whi3-CLN3 droplets 
(pink). Data are mean ± SD. n ≥ 100 droplets for N= 2 biological replicates. C. Fluorescence microscopy images 
showing CLN3 (pink) is excluded from Whi3-BNI1 (green) droplets in a variety of protein and RNA concentrations. 
Top, Whi3 2 µM, RNA 1.25 nM; Bottom, Whi3 20 µM, RNA 5 nM. Scale bar is 10 µm. D. Fluorescence microscopy 
images show cy3 labeled CLN3 mRNA (pink) is not efficiently recruited into Whi3-SPA2 droplets (green) (8 µM 
Whi3, 5 nM RNA) Images are representative of observations from three independent experiments. Scale bar is 10 
µm. E. Fluorescence microscopy images showing the recruitment of cln3 scrambled mRNA (5 nM, pink) into 





Figure 2.S2 CLN3 and BNI1 co-assemble when regions of complementarity between the two RNAs are 
exposed through melting. A. Fluorescence microscopy images and recruitment coefficients show CLN3 mRNA 
(5 nM, pink) is modestly recruited into preformed Whi3 droplets made with melted BNI1 (8 µM Whi3, 5 nM BNI1, 
green) unless complement regions of CLN3 are also exposed through melting (CLN3 ml). In contrast, recruitment 
of CLN3 ml is lost when the mRNA is mixed with oligos targeting the sequence on CLN3 with complementarity to 
BNI1 mRNA (CLN3 ml + oligos). Outliers are indicated with (•) marks. *, p < 0.05; **, p < 0.01; ***, p < 0.001 
(unpaired t test). n≥500 droplets for N≥3 biological replicates. B. Fluorescence microscopy images and 
quantification (Pearson’s correlation coefficient) show CLN3 (10 nM, pink) RNA only droplets colocalize with 
BNI1 (10 nM, green) droplets only when melted (CLN3 ml) and recruitment is lost when the mRNA is mixed with 
oligos targeting the sequence on CLN3 with complementarity to BNI1 mRNA (CLN3 ml + oligos) Outliers are 
indicated with (•) marks. *, p<0.05, **, p < 0.01; ***, p < 0.001 as determined by Wilcoxon rank-sum test. n≥200 





Figure 2.S3 CLN3 mRNA secondary structure is altered when the mRNA sequence is scrambled or 
refolded. A. SHAPE reactivity profiles for CLN3 and CLN3 refolded. High values indicate unstructured regions 
or many possible structures, while low values suggest a single well-defined structure. Data are mean ± SD B. 
SHAPE reactivity profiles for cln3 scr indicates it has a completely different secondary structure than CLN3 
native sequence. Data are mean ± SD. C. SHAPE reactivity and Shannon entropy values for the first 400 
nucleotides of the RNAs shown as the median reactivity smoothed over a 19-nt sliding window relative to the 
global median. Reactivity values for CLN3 in this region are significantly lower than reactivity values for CLN3 
refolded (median of 0.19 vs 0.32 respectively; Wilcoxon rank sum test, p = 0.001), suggesting that the CLN3 
refolded mRNA contains less well-defined structures. Purple shaded regions show low-SHAPE/low-entropy 






Figure 2.S4 Regions of Complementarity between CLN3 and BNI1. A. Cartoon schematic of CLN3 and BNI1 RNA 
depicting the location of Whi3 binding sites (orange) and the regions of complementarity (numbered) between the two 
RNAs. RNAs are drawn to scale. B. Shape reactivity and arc plots for the five regions along CLN3 that can base-pair 
with BNI1 and regions on BNI1 that can base pair with CLN3. The blue shaded regions indicate the exact complement 
sequence. Most of these regions on both CLN3 and BNI1 are located in low SHAPE, high structured regions, indicating 
that these regions are likely not exposed and unable to interact when properly folded. The median SHAPE reactivity per 





Figure 2.S5 CLN3 mRNA secondary structure is altered with point mutations to target stem loops. A. Shape 
reactivity profiles for CLN3 structure mutant (cln3 sm). High values indicate unstructured regions or many possible 
structures, while low values suggest a single well-defined structure. Data are mean ± SD. B. Base pairing probability 
compared among CLN3 and cln3 sm show differences in the secondary structure between the two mRNAs. Arcs 
connect base pairs and are color coded by probability. C. Secondary structure models for the first 400 nucleotides 
of CLN3 and cln3 sm. Whi3 binding sites are denoted in orange. The sequence targeted for mutation in cln3 sm is 





Figure 2.S6 Regions of complementarity between BNI1 and SPA2. A. Cartoon schematic of BNI1 and SPA2 
RNA depicting the location of Whi3 binding sites (orange) and the regions of complementarity between the two 
RNAs. RNAs are drawn to scale. B. Shape reactivity and arc plots for the five regions along BNI1 that can base-
pair with SPA2 and regions on SPA2 that can base pair with BNI1. The blue shaded regions indicate the exact 
complement sequence. Most of these regions are located in high SHAPE, low structured regions, indicating that 
these regions are likely exposed and able to interact. The median SHAPE reactivity per region is displayed above 




Figure 2.S7 Disruption of regions of complementarity interferes with coassembly between two RNAs. A. 
Fluorescence microscopy images and quantification show SPA2 mRNA incubated with oligos to target the 
complement nucleotide regions of BNI1 (5 nM, pink) is less recruited into preformed Whi3-BNI1 droplets (8 µM 
Whi3, 5 nM BNI1, green) compared to native SPA2 alone. The line at the center of the box indicates the median value, 
and boxes indicate interquartile range. Whiskers contain data points within 3 times the interquartile range, and outliers 
are indicated with (•) marks. *, p < 0.05 (unpaired t test). Scale bar is 10 µm. n≥500 droplets for N≥ 3 biological 
replicates. B. Fluorescence microscopy images and quantification (Pearson’s correlation coefficient) showing SPA2 
mRNA (10 nM, pink) incubated with oligos to target the complement nucleotide regions to BNI1 (5 nM, pink) are 
excluded from BNI1 mRNA (10 nM, green) in the presence of Spermine. ***, p < 0.001 (Wilcoxon rank-sum test). 
Scale bar is 5 µm. n≥200 droplets for N≥ 3 biological replicates. C. Single molecule mRNA FISH images show that 
a codon randomized CLN3 (cln3 codon, green) mRNA does not co-localize with endogenous CLN3 mRNA (pink) in 





Figure 2.S8 Whi3 binding sites are located in highly structured region along BNI1 mRNA. A. 
Cartoon schematic of BNI1 RNA depicting the location of the five Whi3 binding sites (orange). 
RNA is drawn to scale. B. Secondary structure plots show regions of BNI1 mRNA surrounding 





Figure 2.S9 The majority of Whi3 binding sites are located in highly structured region along SPA2 
mRNA. A. Cartoon schematic of SPA2 RNA depicting the location of the eleven Whi3 binding sites 
(orange). RNA is drawn to scale. B. Secondary structure plots show regions of SPA2 mRNA surrounding 
Whi3 binding sites.  
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  Figure 2.S10 Whi3 binding is essential to induce dynamic fluctuations to its target mRNAs, CLN3 
and BNI1. A. Shape reactivity profiles for CLN3 and CLN3 in the presence of Whi3 protein. High values 
indicate unstructured regions and many possible structures, while low values suggest a single well-defined 
structure. The four Whi3 binding sites (WBS) are shaded in purple and show the differences in SHAPE 
reactivity along CLN3 in the presence or absence of Whi3. Data are mean ± SD. B. FRET histograms show 
RNA only (gray) or addition of Whi3 (green) or a Whi3 RNA binding mutant (whi3-Y610-F653A, orange). 
C. The mutant exhibits much lower dynamics with both CLN3 and BNI1 indicating that Whi3 binding is 
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CHAPTER 3: POLY-Q DEPENDENT PHASE SEPARATIONS DRIVE SPATIAL 
HETEROGENEITY IN CYTOPLASMIC CROWDING 
Introduction 
To maintain proper function and survive in any given environment, cells must somehow 
organize their cytoplasm. This is especially complex in syncytial cells, where difficulties include 
cell size, cell shape, and diverse functions coexisting within each individual cell. Syncytial cells 
must coordinate growth and nutrient use over large volumes, as well as regulate gene expression 
across their many genomes in their individual nuclei (Gladfelter et al., 2006; Roper et al., 2011). 
Thus, cells likely employ sophisticated mechanisms of cytosolic organization to coordinate their 
various cellular functions. Further, the large, multinucleate growth strategy of syncytial cells 
makes them more sensitive to defects in these complex processes. Syncytial cells are relevant 
across a wide range of biological contexts, from crop science to human health–infectious diseases, 
tumors, placenta function, and muscle development, thus understanding their biology would have 
a wide range of implications. 
Traditionally, cytosolic organization has been thought to be mainly driven by membrane-
bound compartments (i.e. organelles) that help eukaryotic life organize distinct biochemical spaces 
within a single cell. More recently, it has become apparent that the cytosol is also organized into 
distinct compartments, through entirely separate means. Liquid-Liquid phase separation is a newly 
appreciated mechanism cells use to organize their contents where proteins, and often RNAs, that 
have a strong propensity to self-associate can undergo liquid de-mixing from the surrounding bulk 
cytosol, coalescing into a singular liquid phase that allows for the spatiotemporal regulation of 
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RNA and proteins molecules (Banani et al., 2017; Shin and Brangwynne, 2017). These biological 
condensates are increasingly observed in diverse fields including cell division, morphogenesis & 
development, chromatin compaction, signaling networks, and, overwhelmingly, 
neurodegenerative disease (Banjade and Rosen, 2014; Brangwynne et al., 2009; Lee et al., 2013; 
Patel et al., 2015; Rog et al., 2017; Strom et al., 2017). Macromolecular crowding has been shown 
to play a role in driving and modulating phase separation in vitro (Woodruff et al., 2017); however, 
the physiological events that regulate crowding within the cell and what effects crowding has on 
phase separation in vivo have remained unclear. 
In the syncytial cells of the multinucleate fungus, Ashbya gossypii, nuclear division occurs 
asynchronously, and multiple sites of polarized growth coexist in a continuous cytoplasm (Ayad-
Durieux et al., 2000; Gladfelter et al., 2006; Knechtle et al., 2003). These phenomena are reliant 
upon Whi3 undergoing liquid de-mixing with its target mRNAs to form phase-separated droplets, 
positioning the cyclin (CLN3) transcripts near nuclei and the formin (BNI1) and polarisome (SPA2) 
transcripts at sites of polarized growth (Lee et al., 2013; 2015; Zhang et al., 2015). Previous work 
has shown that RNA sequence specifies different Whi3 droplet constituents and contributes to the 
differential makeup of droplet properties, but what is unclear is how these droplets are 
differentially positioned in the cytosol and if their condensation has an impact on cytosolic features 
such as macromolecular crowding. In this chapter, we find that the heterogenous patterning of 
Whi3 condensates observed in Ashbya cells arises due to Whi3 autoregulation of its own 
condensation and that disruption of Whi3 condensation reduces heterogeneity of macromolecular 
crowding in Ashbya. Further, we provide evidence that Whi3 condensation contributes to local 
crowding within the cell that could create favorable cellular conditions to further increase Whi3 
phase separation. Altogether these data show that Whi3 autoregulation of its own condensation 
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has an impact on cytosolic crowding within the cell and local crowding and we propose that phase 
separation of RNAs and proteins act synergistically to regulate droplet position and cytosolic 
heterogeneity. 
Results 
We noticed that WHI3 transcripts have five predicted Whi3 binding sites (Figure 3.1A), 
suggesting that like other RNA-binding proteins, Whi3 may be able to bind and regulate its own 
transcript. Indeed, the WHI3 RNA drives Whi3 protein condensation in vitro (Figure 3.1B) at 
physiological salt and protein concentrations, as has been shown for other RNA targets of Whi3. 
A mutant form of the WHI3 mRNA, whi3-5m, that lacks these binding sites does not promote 
Whi3 protein to phase separate (Figure 3.1C) indicating that Whi3-WHI3 de-mixing is mediated 
by specific protein-RNA interactions. Thus, Whi3 phase-separates with its own mRNA raising the 
possibility that this is relevant for Whi3 function in cells. 
We next looked at the functional relevance of Whi3 binding its own transcript. Because 
Whi3 controls nonrandom spatial organization of CLN3, BNI1, and SPA2 transcripts, we predicted 
that the Whi3 protein could also distribute WHI3 mRNA nonuniformly in the cytoplasm. 
Qualitatively, WHI3 transcripts appear to be in high abundance throughout the cell and seem to 
show an enrichment near nuclei similar to CLN3 clustering (Lee et al. 2013, Figure 3.1D). It 
remains to be seen, however, if WHI3 transcripts become more randomized in a Whi3 mutant 
where the polyQ tract is replaced with a series of HA amino acids (whi3∆polyQ) as has been 
observed for other Whi3 targets, CLN3 and BNI1 (Lee et al., 2013; 2015). WHI3 transcript spatial 
distribution appeared to be randomized and significantly less enriched near nuclei than in wild-
type cells (Figure 3.1E). Further, in the whi3-5m mutant, WHI3 transcripts appeared to display a 
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spatially random localization (Figure 3.1F) similar to the whi3∆polyQ but it remains to be 




Figure 3.1 Whi3 proteins interacts with its own transcript in vitro and in vivo. A. Schematic 
of WHI3 transcript with five Whi3 binding sites denoted in orange, drawn to scale. B. Phase diagram 
of Whi3-WHI3 droplets at varying protein and RNA concentrations at 150 mM salt concentration. 
Images were taken four hours after mixing. Scale bar is 5 µm. C. Whi3 forms droplets with its own 
mRNA. Upon mutating Whi3 binding sites (whi3-5m), droplet formation is ablated at same protein 
and RNA concentrations. D. Representative images of smFISH data of WHI3 transcripts (orange) 
and nuclei (blue) in wild type Ashbya E. in whi3 ∆polyQ F. in whi3-5m. G. The nuclear division 
synchrony index comparing wild type to Whi3 mutants, highlighting increased nuclear synchrony 
in whi3∆polyQ (t test p = 0.05) and whi3-5m (t test p = 0.03). 
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employed on these data to determine if the transcripts are quantitatively more enriched near nuclei 
compared to a randomization of mRNAs throughout the cell (Dundon et al., 2016).  
We next asked if there are phenotypic consequences of Whi3 not being able to bind and 
position its own transcript. When cells express whi3-5m as the sole copy of Whi3, the nuclear 
cycle becomes significantly more synchronous and cell polarity is altered (Figure 3.1G, 
unpublished data from Therese M. Gerbich). These are two phenotypes associated with Whi3 loss 
of function related to mis-regulation of cyclin and polarity transcripts (Lee et al., 2013; 2015). 
Notably, in the whi3-5m mutant background, the protein is completely wild-type in amino acid 
sequence yet Ashbya cells expressing this RNA mutant show substantial phenotypic defects. 
Additionally, while wild-type encoded Whi3 droplets are found concentrated around nuclei and at 
sites of polarized growth (Langdon et al., 2018; Lee et al., 2013; 2015; Zhang et al., 2015), the 
whi3-5m encoded protein formed fewer detectable droplets in both areas of the cell, consistent with 
the loss of function phenotype (unpublished data, TMG). Thus, expressing the Whi3 protein from 
a transcript that is unable to bind to Whi3 protein, leads to the loss of Whi3 protein to undergo 
phase separation and the mis-regulation of the cell cycle and cell polarity, indicating that this 
interaction is physiologically relevant. 
What is the function of Whi3 condensing with and positioning its own transcripts? We 
hypothesized that potentially the Whi3-WHI3 condensates may support nucleation/assembly of 
droplets containing cyclin or polarity-factor mRNAs. If this is a direct effect, we predicted that 
WHI3 mRNAs would be found colocalized with CLN3 mRNAs as a consequence of co-condensing 
in the same Whi3 droplets. However, we did not see this, instead, we saw that WHI3 mRNAs do 
not appear to show any significant colocalization with either CLN3 or BNI1, despite being enriched 
in the same parts of the cell around nuclei and at sites of cell polarity (Figure 3.2A, B). This 
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suggests that Whi3-WHI3 droplets are somehow indirectly impacting the ability of Whi3 to 
condense efficiently with other targets. 
To assess if Whi3-WHI3 droplets had an effect on promoting Whi3-CLN3 phase separation, 
we assembled Whi3-CLN3 droplets in the presence of preformed Whi3-WHI3 droplets in vitro. 
Interestingly, preformed Whi3-WHI3 droplets drive significantly more Whi3 protein into Whi3-
CLN3 droplets compared to Whi3-CLN3 droplets formed in the presence of preformed Whi3-
CLN3 droplets (Figure 3.2C). This increase in protein uptake is comparable to that seen in Whi3-
CLN3 droplets nucleated in the presence of an external molecular crowder, PEG-8000 (Figure 
3.2C). This raises the possibility that Whi3-WHI3 droplets may indirectly facilitate phase 
separation of Whi3 with other targets such as CLN3 through local crowding. 
In support of a role for crowding in Whi3-CLN3 condensation, crowding is required for 
Whi3 condensation in vitro under conditions that mimic intracellular cytoplasmic streaming 
(Figure 3.2D), an important physiological factor in many filamentous fungi, including Ashbya. 
Additionally, when Whi3 phase separation occurs in the presence of flow or an external crowder 
such as yeast extract (Figure 3.2E), droplets scale to the size seen in Ashbya, suggesting that 
cytoplasmic flow and crowding are additional features of the cytoplasm that influence the 
dynamics of Whi3 condensation. Given all of these data together, we hypothesize that Whi3 phase 
separation that is driven by condensation with its own mRNA, which is highly abundant in the 
cell, may promote local physical conditions that promote Whi3 condensing with less abundant 
targets such as cyclins and formin encoding mRNAs. 
To begin to test this hypothesis, we set out to measure the physical properties of cytosol 





Figure 3.2 Effects of crowding on Whi3 condensation. A. Two-color smFISH of CLN3 (pink) with 
WHI3 (green) with nuclei (blue) and B. Two-color smFISH of BNI1 (pink) with WHI3 (green) with nuclei 
(blue) indicate that these transcripts do not colocalize. C. Protein/RNA ratios of Whi3 condensates in vitro 
with CLN3 RNA under varying conditions indicates that under both crowding conditions (with PEG) and 
in the presence of preformed Whi3-WHI3 droplets, but not preformed Whi3-CLN3 droplets, there is an 
increased amount of Whi3 protein within condensates. D. Whi3-RNA condensates form under flow 
conditions only with the addition of crowding conditions (+PEG). E. Whi3 condensates in vitro under 
standard conditions form large droplets (top left), whereas scale to in vivo sizes under flow conditions 
(top right) or under crowding conditions using yeast extract (bottom left). For reference, Whi3 droplets in 
vivo are shown (bottom right). 
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particles, “GEMs” that are ~20 nm or ~40 nm in size, spherical and self-assembling (Delarue et 
al., 2018). We used the diffusivity of GEMs as a measurement for the state of the cytosol as their 
motion can inform the “crowdedness” of the local environment relevant to the length-scale of a 
GEM (Figure 3.3A). To assess how the diffusivity of GEMs is spatially patterned, we implemented 
a new tracking algorithm that uses convolutional neural networks that employ machine learning 
methods to accurately measure particle localization from 3D image data. This analysis pipeline 
called Neural Net Tracker (NNT) allows the extraction of spatiotemporal information of diffusivity 
in the context of cell architecture (Newby et al., 2018).  
Although there is an average global diffusivity of 0.07 µm2/s, we found that diffusion of 
the GEMs particles varied widely in time and space in the same hypha, suggesting the existence 
of heterogeneous crowding throughout the cell (Figure 3.3B). Strikingly, although every cell 
tracked exhibited this heterogenous diffusivity pattern, we noticed that the majority of cells 
contained a number of low diffusivity zones that clustered around nuclei and hyphal tips (Figure 
3.3C). Interestingly, these zones correlate with the pattern of Whi3 phase separation. Do low 
diffusivity zones around nuclei and tips arise due to local condensation of Whi3 protein and its 
target mRNAs into droplets? 
It is possible that Whi3 droplets could reduce the volume the GEMs can occupy and diffuse 
into. Therefore, GEMS diffusion becomes limited to the cytosolic volume outside these 
exclusionary territories. To test this hypothesis, we expressed GEMs in the whi3∆polyQ mutant. 
Upon ablation of Whi3 phase separation, the low diffusivity zones homogenized and the diffusivity 
of the cytosol increased to 0.13 µm2/s (Figure 3.3D,E), suggesting that the diminishment of Whi3 
droplets reduces the formation of low diffusivity zones within the cells. Further, the whi3-5m 




Figure 3.3 Heterogeneous crowding conditions in Ashbya is influenced by Whi3 condensation. A. 
GEMs are expressed in Ashbya and tracking their movement over time can generate a map of the diffusivity 
of the cytosol. B. Histogram displaying the average diffusivity of Ashbya hyphae (n≈100). C. Area of low 
diffusivity correlate with position of Whi3 condensation near nuclei and at growing tips in Ashbya. D. 
Representative images of diffusivity in wild type (top), whi3-5m mutant (middle), and whi3 ∆polyQ mutant 
(bottom) Ashbya hyphae. E. Average diffusivities of wild type Whi3 (black), whi3-5m (dark gray), and whi3 
∆polyQ (light gray) indicate that diffusivity is increased in both mutants. F. Quantitative phase microscopy 




However, this increase in GEMs diffusion is not as dramatic of an increase as whi3∆polyQ, likely 
due to Whi3 forming droplets with other partners in the wbs-5m mutant, but in whi3∆polyQ, Whi3 
condensation is completely reduced. 
As Whi3 condensation dynamics appears to correlate with molecular crowding, we 
hypothesized that it may serve as a global sensor of cell growth–that is, Whi3 may somehow act 
in detecting and/or regulating the amount and general cellular concentration of cytosolic factors 
related to growth. To test the hypothesis that Whi3 condensation functions as a cellular sensor of 
cell growth, we performed quantitative phase microscopy on wild type, whi3-5m, and whi3∆polyQ 
Ashbya strains in order to quantify and compare the dry mass of the cells. In agreement with this 
hypothesis, we observed a slight, but statistically significant (Wilcoxon rank-sum tests, p-values 
< 2x10-16) decrease in the intracellular density in both whi3-5m and whi3∆polyQ compared to wild 
type cells (Figure 3.3F), indicating that cells lacking the ability for Whi3 protein to phase separate 
with either WHI3 or all Whi3 target mRNAs do in fact have slightly less dry mass per given unit 
volume, in support of the idea that the cell uses Whi3 phase separation as part of its growth 
regulation. 
Discussion 
In summary, we provide evidence that Whi3 protein interacts with WHI3 transcripts, and 
that this interaction is a form of self-regulation. We postulate that this may be a regulatory 
mechanism to control local crowding at sites of Whi3-WHI3 droplet formation. In support of this 
hypothesis, we have observed heterogeneity in the diffusivity of the cytoplasm that correlates with 
the presence of Whi3-RNA droplets in vivo. Upon disruption of the ability of Whi3 to form phase-
separated droplets, this heterogeneity is reduced, indicating Whi3 has a role in the formation of 
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these sites of low diffusivity in Ashbya. But, what is the cellular advantage for Whi3 autoregulating 
its own condensation?  
One potential advantage of Whi3 autoregulation is a mechanism to tune the cytosol to 
regulate molecular crowding. Thus, Whi3’s ability to phase separate with not only its own mRNA, 
but also others, could lead to favorable changes in the cytosol to increase molecular crowding and 
further promote Whi3 phase separation. Previous work has shown that Whi3-CLN3 droplets 
incorporate significantly less Whi3 protein than other Whi3 targets (Langdon et al., 2018). 
Interestingly, both WHI3 and CLN3 mRNAs appear enriched around nuclei, so it is possible that 
Whi3 autoregulation could allow for the precise positioning of Whi3-WHI3 droplets to promote 
local crowding, especially around nuclei, improving the conditions for low affinity interactions 
between Whi3 and its other target mRNAs. Further, molecular crowding affects many other 
cellular functions, including general cell growth. One theoretical study has suggested that there is 
an optimal cellular concentration of macromolecules that cells actively regulate, balancing the 
need for both efficient biosynthesis and crowding (van den Berg et al., 2017), and empirical 
evidence from E. coli supports this hypothesis, where the number of ribosomes during steady-state 
growth is constant across a range of temperatures (Farewell and Neidhardt, 1998). From our study, 
we observed a decrease in cellular density upon ablation of Whi3 phase separation, by either whi3-
5m or whi3∆polyQ mutants. Thus, in Ashbya, it appears that one part of this balancing act may be 
regulated through Whi3 condensation, though it remains to be seen what other mechanisms Ashbya 
employs to maintain proper molecular crowding and regulate cellular growth. 
Another advantage of Whi3 regulating its own phase separation could be the precise 
positioning of WHI3 transcripts for the efficient and timely local translation of Whi3 protein. Whi3 
plays a critical role in Ashbya in insulating nuclei and ensuring faithful cell polarity, such that 
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transcriptional products are not randomly distributed throughout the cell, but instead localized to 
specific regions within the cell. This provides a mechanism for establishing cytosolic territories or 
“neighborhoods”, where local translation can spatiotemporally regulate certain cellular processes. 
As microscopy-based assays for visualizing translation in live cells have not been fully optimized 
for fungal cells, it remains to be seen whether Whi3 phase-separated droplets inhibit or enhance 
the translation of its target transcripts. Previous work in our lab has revealed a strong association 
between proteins that are involved in translational processes and Whi3 (Changwhan Lee, Nadine 
S. Anderson, Amy S. Gladfelter, unpublished data), and we have observed translation of Cln3 
protein within Whi3 droplets in vitro (Figure 3.4). Additionally, ribosome positioning in Ashbya 
appears to be clustered at hyphal tips, further supporting the possibility of the cell employing local 
translation of certain proteins (Michael Khli Thesis, University of Basel, 2007). One can imagine 
the scenario where the local production of Whi3 protein leads to the formation of more Whi3 
droplets with its target mRNAs, increasing local crowding. This increase could, in turn, lead to 
further Whi3 droplet condensation, and thus more local translation and crowding, creating a 
positive feedback loop. 
Altogether, these results highlight the dynamic interplay between macromolecular 
crowding, cytoplasmic flow, and RNA-protein droplet spatial inhomogeneities, which the cell is 
poised to use to spatially and temporally regulate various biological functions. We have provided 
evidence that the cytosolic environment and phase separation are intricately tied together and that 
there could be feedback loops to regulate and maintain proper localization and function of these 
droplets in vivo. These new insights into how syncytial cells can use certain biochemistry to 




For example, previous studies with GEMs revealed that ribosome concentration regulates the 
diffusion of large particles and controls phase separation in yeast and mammalian cells (Delarue 
et al., 2018). Further, recent super resolution microscopy studies in Escherichia coli has 
demonstrated that the cytoplasm has highly variable local concentrations, where macromolecular 
crowding plays a central role in establishing heterogeneous spatial distribution of mRNA that leads 
to large variability in protein production (Norred et al., 2018). 
Future experimental studies will likely reveal the underlying molecular and biophysical 
mechanisms driving cytoplasmic organization and homeostasis, in addition to identifying other 
possible cytoplasmic factors that influence these phenomena (e.g., pH and ATP concentration), 
that may aid in our further understanding of the molecular and biophysical mechanisms driving 
these intricate, yet critical cellular processes. 
  
Figure 3.4 In vitro translation of Cln3 protein from Whi3-CLN3 condensates. A. Fluorescent micrographs 
showing Whi3 (blue), CLN3-GFP RNA (pink), and nascent Cln3-GFP protein (green) in vitro. B. Close up images 
showing newly translated Cln3-GFP emerging from a Whi3-CLN3 droplet. 
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Materials and Methods 
Plasmid and Strain Construction 
To create pPFVsapphireGEMs::GEN strains under the control of the HIS promoter, the 
entire plasmid AGB 912 (pPFVsapphireGEMs, AMP) was was transformed into A. gossypii 
wildtype (AG416), whi3∆polyQ::NAT, and whi3-5m::NAT stains via electroporation and selection 
on AFM+G418 plates. The plasmid (pPFVsapphireGEMs, AMP) was a gift of Liam Holt’s lab.  
Cell culture and Microscope setup 
Ashbya cells expressing the 40 nm GEMs plasmid were grown in 10 mL Ashbya full media 
(AFM) under selection of G418 (150 µg/ml) in a 125 ml baffled flask shaking at 30 ºC for 16 
hours. The cultures were then transferred to 15 ml conical tubes (VWR) for centrifugation at 350 
rpm for 5 min. AFM was removed and cells were suspended in 10 ml 2X Low Fluorescence media. 
Cells were then placed on a 2X Low Fluorescence media gel-pad containing 1% agarose embedded 
in a depression slides, sealed with valap and imaged. The slides were then mounted and imaged 
on a spinning disk confocal microscope (Nikon Ti-Eclipse equipped with a Yokogawa CSU-X 
spinning disk module and fast triggered piezo stage) using a 60X 1.49 NA oil immersion objective 
and sCMOS 95% QE camera (Photometrics prime 95B). Time lapses were acquired using 
triggered GFP lasers at 85%-95% power at continuous 20-30 ms intervals for 5-7 minutes with an 




Tracking GEMs particles using Neural Net tracker 
 
Figure 3.5 Diagram showing the steps in the analysis pipeline. 
 
The GEMs video dataset is comprised of four subsets: WT+GEMs (Ag 416), 
whi3∆polyQ, and whi3-5m. The main purpose of the analysis pipeline is to track GEMs 
and use the tracks to infer properties of the cytosol, namely, spatiotemporally-varying 
GEMs concentration and diffusivity. The analysis pipeline is comprised of custom software 
(written in Python and C++), combined with a number of open source software libraries. 
In Figure 3.5 we show the basic steps in the pipeline. 
The first step is to perform particle tracking on all videos, using the Neural Network 
Tracker (NNT). The NNT uses map-reduce-style methods (Apache Beam) together with cloud 
computing resources from Google Cloud (Dataflow) to batch process our large datasets and 
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large file sizes. 
The second stage of the pipeline is to compute an accurate reconstruction of the cell 
surface and a coordinate system representing the cell geometry. Because of the branched 
morphology of the cells, multiple branches often lay side by side, making it difficult to 
group GEMs localization belonging to a specific cell. In order to compute the GEMs 
concentration, we also need to estimate the local volume of cell interior, which requires 
some means of determining whether a given point is inside or outside the cell and which 
hypha it belongs to. 
Once we fully construct cell geometries for each hypha segment, we use it to group 
GEMs localizations by hypha segment. We then link the grouped GEMs localizations through 
time into paths or tracks. This ensures that a given particle path will not jump from one hypha 
segment to another. 
We then use a kernel density estimation and exponential time averaging, to compute 
spatiotemporal estimates of concentration and diffusivity. We use two projections of these 
estimates: a surface projection and a medial axis projection. The surface projection 
assumes that cytosolic properties might vary depending on the direction, but not on the 
distance, to the nearest medial axis point. The medial axis projection assumes that the 
cytoplasm is approximately radially symmetric around a given medial axis point and that 
its properties change only along the length of each hypha. This generally results in reduced 
sampling error compared to the surface projection, because more observations are 
grouped together than for the surface projection. 
The final stage of the analysis pipeline is to characterize the spatial variability along 
the medial axis projections. If the properties of the cytosol are homogeneous, then our 
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estimates of concentration and diffusivity should be constant, up to sampling error. We use 
two methods, detailed in Section 4, to characterize the degree of heterogeneity in the estimates. 
First, we use a convolutional neural network to identify and track ’zones’ of locally decreased 
concentration and/or diffusivity. Second, we compute the power spectral density of the 
concentration and diffusivity, averaged over time and across hypha of a given condition. 
Hypha geometry estimation 
After the videos have been tracked, we use the tracking data to generate a surface 
mesh and the medial axis curve (including branch points) extending down the length of 
each hypha. All of the particle localizations (particle positions), are grouped within each 
video. The resulting point set is used to generate a polygonal surface mesh of each hypha. 
Because it is exceedingly difficult to automatically segment each hypha (particularly 
when two hyphae lay alongside one another) hand segmentation and hand touchups of the 
surfaces meshes is performed. This is the only step in the pipeline that requires interactive 
processing, the remaining steps are fully automated. 
The surface meshes are initially constructed using tools from the Computational 
Geometry Algorithms Library (CGAL). First, a 3D Delaunay triangulation is 
computed for each hypha segment, which results in a convex solid comprised of many 
connected tetra-hedra. The cell surface is then computed using the CGAL 3D Alpha 
Shapes package. The resulting surface mesh is usually quite rough and ill-conditioned 
for the downstream steps of the pipeline. The CGAL Triangulated Surface Mesh 
Simplification package is used to resample and smooth the surface mesh. In some cases, 
topological imperfections cannot be removed automatically (a known problem in 
constructing surface meshes from random point collections). We typically see 1-2 small 
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spots on approximately one out of every ten hypha segments that require hand 
correction. We repair these surfaces meshes using Meshmixer. 
The medial axis for each hypha segment is computed using the CGAL Triangulated 
Surface Mesh Skeletonization package. This package requires a well-formatted surface mesh, 
free of holes and topological imperfections. An approximation of the medial axis is obtained, 
a connected graph of points, which extends along the center of each hypha, connected at 
branch points. A secondary product of the mesh skeletonization procedure is a mapping from 
a given medial axis point to surface points. Each medial axis point is connected to zero or 
more surface points such that each surface points is connected to exactly one medial axis 
point. 
This data structure has several uses. It can be used to construct a method for 
determining if a given point is insider or outside a given hypha segment. We also use this 
mapping to project a given point within a hypha segment to the closest medial axis point. 
This allows to generate estimates of concentration and diffusivity along each hypha medial 
axis. We also obtain estimates of concentration and diffusivity on the cell surfaces by 
mapping a given interior point to the nearest surface point. 
Determination of a given point is inside a given hypha segment 
We use the surface mesh and the medial axis curve to efficiently determine if a given 
point is inside or outside. While this is trivial to compute for closed convex regions, hypha 
segments almost never convex. They are, however, locally convex. Let the medial axis be 
given by: 
M = Γ × E, where Γ = {xk}1≤k≤K is the set of nodes and E = {ej}1≤j≤E is the set of 










points to local surrounding surface points. Let k = xm be the set of surface points connected 
to the medial axis point xk. 
Given an input point x to test, the method proceeds as follows. First, the closest 
medial axis point is computed. Second, we compute the closest local surface point (i.e., 
the set surface points connected to the closest axis point) to the test point x. These are 
given by: 
 (1) 
Then, we say that the test point x is inside the hypha segment if and only if 
 (2) 
where ε ≥ 0 is a small parameter that pads the estimate so that points that are 
very close to the surface are not excluded. In pixel coordinates, we use ε = 1, which 
works out to be approximately 100nm. 
Kernel-density estimation with exponential time averaging 
Spatiotemporal estimates of concentration and diffusivity are computed using a 
kernel density estimator. This can be thought of as a kind of ’smooth’ histogram. A 
Gaussian centered at each observation with a predetermined radius (kernel radius) are 
summed together. For the first stage in computing our estimates (prior to time averaging), 
we define 
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(Xn,t), where V ( ) is the local volume element of the hypha. The volume element is 
defined in detail 
in the following section. For diffusivity, Sn,t = |∆X ,t| , where ∆Xn,t = Xn,t − Xn,t−1 is a 
particle displacement. 
The next step is to apply exponential time averaging to the result. For a given 
function for 1 j M , where tM = T is the max time. Then, 
the final time-averaged estimates are defined by: 
   
where 0 ρ 1 is a rate parameter that determines the time-scale of averaging.  
Local volume elements 
To compute the concentration, we require an estimate of the local volume element 
that contains a given point x. For the volume elements used in the surface projected 
estimates, we use the volume of the tetrahedra comprised of the closest medial axis point 
and the closest local surface face (i.e., the three connected surface points that form a 
triangle). For the medial axis volume elements, we have two cases. For interior medial 
axis points, the volume element is approximated by a cylinder with thickness ∆s, given 
by the average distance between the nearest neighbor medial axis points, and the radius 
r, given by the average distances between the medial axis point and the corresponding 
local surface points; i.e., V = πr2∆s. For medial axis end points, the volume element is 
approximated by a half sphere with radius r defined above; i.e., V = 4/6πr3. 
Single molecule RNA F.I.S.H and Imaging 
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RNA smFISH labeling was performed as previously described (Lee et al., 2013). Briefly, 
cells were grown overnight at 30 ºC in AFM and were fixed using 3.7% (vol/vol) formaldehyde 
(Fisher Scientific) and then washed twice with cold buffer B. Cells were resuspended in 1mL of 
spheroplasting buffer and digested using 1.5 mg/ml Zymolyase (MP Biomedicals) for 30 min at 
37 ºC. Cells were washed twice with buffer B, and then treated with Proteinase K for 5 min to 
digest proteins and unmask protein-bound RNAs. Cells were then washed twice before being 
resuspended in 70% ethanol and incubated overnight at 4 ºC. Cells were washed twice with SSC 
wash buffer before being resuspended in hybridization buffer containing cy5-conjugated RNA 
FISH probes complementary to WHI3 RNA (Stellaris LGC Biosearch Technologies) Cells were 
incubated in the dark overnight at 37 ºC. After incubation, cells were washed once, incubated with 
5 µg/ml Hoechst (Invitrogen) and incubated at room temperature for 30 min before being washed 
a final time and mounted on glass slides with 20 µl Prolong Gold mounting medium (Invitrogen), 
sealed with nail polish, and then imaged on epifluorescence microscope (Nikon Ti-Eclipse) with 
VC Plan Apo 100X/1.49 NA oil immersion objective and an sCMOS 85% QE camera (Andor). 
Images were de-convolved using 29 iterations of the Lucy-Richardson algorithm on Nikon 
Elements software and then processed in Fiji and MATLAB.  
Recombinant Protein Expression and Purification  
 In brief, full length Whi3 or Whi3-GFP was tagged with an N-terminal 6-Histidine tag and 
expressed in BL21 E. coli (New England Biolabs). Cells were lysed in lysis buffer (1.5M KCl, 20 
mM Tris pH 8.0, 20 mM Imidazole pH 8, 1 mM DTT, 1 tablet of Roche protease inhibitor 
cocktail). The supernatant was incubated and passed over a Ni-NTA resin (Qiagen) in gravity 
columns. The resin was then washed with 10CV lysis buffer and protein was eluted with 6CV 
elution buffer (150 mM KCl, 20 mM Tris pH 8.0, 200 mM Imidazole pH 8.0,1 mM DTT). The 
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fractions containing Whi3 protein were dialyzed into fresh droplet buffer (150 mM KCl, 20 mM 
Tris pH 8.0, 1 mM DTT) and measured with Bradford reagent. Aliquots of protein were flash 
frozen and stored at -80 ºC.  
RNA Transcription 
The T7 promoter 5’ TAATACGACTCACTATAGGG 3’ was cloned into the 5’ end of 
WHI3 and whi3-5m. Plasmid DNA was digested with restriction enzymes to obtain a linear DNA 
template that was then transcribed using T7 Hiscribe in vitro transcription kit (NEB) according to 
manufacturer’s instructions. To obtain labeled RNA for imaging, 0.1 µl of 5 mM cy3-UTP (GE 
Healthcare) was added into the transcription reaction. Transcribed RNAs were then treated with 
DNase, precipitated with LiCl, and washed with 85% ethanol before being re-suspended in TE 
buffer and stored at -80 ºC. 
Droplet Assembly and Imaging 
Whi3 used in experiments contain 10:1 unlabeled to GFP-labeled protein. Whi3 protein 
and cy3 labeled WHI3 RNA were mixed and incubated for four hours in glass chambers (Grace 
Bio-Labs) at room temperature to desired concentrations in droplet buffer. The chambers were pre-
treated with 30 mg/mL BSA (Sigma) for 30 minutes. Imaging of droplets was done either on a 
spinning disc confocal microscope (Nikon CSU-W1) with VC Plan Apo 60X/1.49 NA oil 
immersion objective and an sCMOS 85% QE camera (Photometrics) or a custom spinning disk 
confocal microscope (Nikon Ti-Eclipse equipped with a Yokogawa CSU-X spinning disk module) 
using a 60X 1.49 NA oil immersion objective and an air-cooled EM-CCD camera. Data shown are 




Analysis of Whi3 to RNA ratios 
Whi3-RNA droplets were imaged, as previously described and image analysis was 
performed in Fiji. For each time point, the RNA and Whi3 channels were split, background 
subtracted, and 3D object counter was used to measure the MFI of both RNA and Whi3 channels 
separately. MFI values for RNA and Whi3 were then converted to concentrations based on a linear 
GFP or cy3-UTP dye curve. Whi3 concentrations were corrected for unlabeled protein. For each 
time point, the average concentration was calculated and then the ratio of Whi3 to RNA was 
calculated as the average Whi3 concentration divided by the average RNA concentration. The 




where Whi3 is the concentration of Whi3, RNA is the concentration of RNA, Var(x) is the variance 
of variable x, and Cov (x, y) is the covariance of variables x and y. 
 
All work presented in this chapter was performed and analyzed by Erin M Langdon  
with the exception of: 
• Jay Newby and Grace McLaughlin assisted and plotted analyses for GEMs diffusivities  






CHAPTER 4: DISCUSSION AND FUTURE DIRECTIONS 
Brief Summary of Results 
This work has investigated the mechanisms of cytosolic organization in the fungal 
syncytium of Ashbya gossypii. We have demonstrated that specific sequences and secondary 
structures of mRNAs are a key determinant of whether mRNAs co-assemble into the same droplet 
(Chapter 2). Remarkably, the analyses presented in this thesis show that in A. gossypii, the 
secondary structures of Whi3 target mRNAs control intermolecular mRNA hybridization between 
functionally related mRNAs and dictate which mRNAs are co-localized into Whi3 droplets. These 
data support the hypothesis that mRNA can engage in homotypic or heterotypic interactions and 
for the first time, suggest that certain mRNA sequences and structures determine which mRNAs 
are together or apart in intracellular condensates. It remains to be seen, however, exactly how 
pervasive this mechanism is to promote or disfavor intermolecular interactions between different 
RNA species in biological condensation. 
Previous work in A. gossypii indicated that the nucleotide sequence of RNA is responsible 
for the different biophysical properties and of Whi3-RNA condensates, thus we hypothesized that 
these different biophysical properties could lead to differences in their assembly, size, and location 
as they respond to various cytosolic factors, such as local flow and crowding (Chapter 3). Notably, 
we found that crowding and flow influence the different complexes in vitro, and in Ashbya, we 
observed heterogeneous territories of local crowding within the cytosol.  
Further, our analyses showed that when Whi3 can no longer form phase separated droplets 
with its own mRNA or other RNA targets, these zones disappear and the diffusivity of the cytosol 
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increases and its density decreases slightly. Examination of the interaction between Whi3 protein 
and WHI3 mRNA revealed that Whi3 protein binding to WHI3 mRNA is not only an important 
contributor to Whi3 protein regulation but also to the regulation of local cytosolic crowding in 
Ashbya. What remains to be seen is if this type of regulation is a more general mechanism for the 
shaping and patterning of different RNA-protein phase transitions in the cytosol of diverse 
organisms and cell types. 
How do cells control the specific assembly of RNP phase-separated droplets? 
Although mRNA and protein behavior are well described in living cells, the precise 
kinetics and mechanisms of the formation, localization and disassembly of RNP condensates is 
still unknown. The efficiency and selectivity with which mRNAs can be recruited into RNP 
droplets suggests that mRNAs can assemble differently in response to specific stressors or cellular 
cues and that RNP droplets may have different assembly, disassembly, and functional kinetics 
depending on the type of internal or external stimuli. These differences likely lead to different 
droplet compositions, such that, in a given cytoplasm, there could be an array of droplets that 
contain a diverse group of mRNAs. Further, some types of RNP droplets have also been shown to 
possess different composition states depending on the type of organism they are found in, where 
some have been found to possess more liquid-like characteristics and others more solid-like in 
yeast than in mammalian cells (Kroschwald et al., 2015). The existence of compositional 
differences among various types of RNP droplets raises the questions of where do these differences 
arise and do these differences in substructure impact their function? Are there spatial patterns as 
to which mRNAs end up together in the same droplet or in droplets in the same vicinity of the 
cell? How exactly does granule composition and structure relate to function? What determines the 
fate of the mRNA content after stimuli has subsided? Further, it has yet to be elucidated if other 
 
76 
RNA species, such as non-coding RNAs, have an effect on the coordinated regulation and 
localization of RNPs within the cell. Additional functional studies are required to elucidate exactly 
how differential compositions in RNP droplets affects their assembly, selectivity, localization, and 
disassembly. 
There are many questions about how information in RNA sequence and structure influence 
where, when and with whom RNAs condense in cells. It will be important to determine how 
frequently mRNA secondary structures influence selective uptake of constituents into droplets and 
where in the cell and lifecycle of an mRNA that RNA-RNA interactions occur. Furthermore, what 
is the role of RNA helicases in modulating RNA-RNA interactions and the subsequent 
incorporation or exclusion of particular RNAs in RNP droplets? The largest question looming in 
the field is what is the function of condensing mRNAs together into either the same or distinct 
droplets? Possibilities include to co-localize cohorts of mRNAs for repression of translation or 
spatial segregation during division, to coordinate the location and time of protein production from 
a specific set of transcripts, and/or to modulate the activity of enzymes that can modify mRNAs 
within the compartment. Additionally, most cells have suites of non-coding RNA of variable 
features that may also be taking advantage of condensation to coordinate their position and/or 
function. Given the large number of distinct RNA-based condensates in the cell, these are all 
promising and open problems that remain to be answered. 
Mechanisms and functional consequences of RNA-protein condensation 
Although macroscopic RNP bodies are evolutionarily conserved, the true function of these 
structures has not been without controversy and is not especially well understood. Compellingly, 
it has been widely speculated that the co-assembly of mRNAs and proteins have evolved to exhibit 
these liquid properties to allow for rapid exchange of components from the cytosol. However, it 
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remains to be seen what impact this has on the ability of these bodies to control cellular function 
and/or respond to internal or external cues.  
In some contexts, loss of condensate formation is not associated with detectable differences 
in RNA or protein regulation, arguing that biological condensates are more of a by-product of 
collecting RNAs and IDD-containing RBPs (Buchan et al., 2008; Decker et al., 2007; Kwon et al., 
2007; Ohn et al., 2008). A recent study in yeast argues against this notion, where the ability of a 
key component of one type of specialized biological condensates, to phase separate was exquisitely 
sensitive to specific and physiological stress inducers. RNP droplet formation was dependent on 
the protein Pab1 and critical for the adaptive response of the cell to certain stressors and there is a 
fitness cost associated with mutations that alter droplet formation (Riback et al., 2017). This study 
suggests that there is a physiological function of condensing proteins and RNAs into a higher-
order assembly as part of intracellular responses. It is also strong evidence that natural selection 
may work at the level of protein sequence to tune the phase boundaries and control precisely when 
a phase separation occurs. It remains to be seen, however, if mRNA sequences are also selected 
for evolutionary control over biological condensates. The adaptive role of phase separation was 
also recently shown for the yeast protein, Sup35, where reversible phase separation of the protein 
in response to cellular pH changes promotes organismal fitness during stress response (Franzmann 
et al., 2018). Thus, liquid RNP formation and the proteins and mRNAs that they harbor could serve 
as a general mechanism by which cells can accurately and rapidly detect and respond to the onset 
of external or internal stimuli. However, one of the major outstanding questions in the field is to 
what degree biological condensates have on local gene expression and if translation can be 
achieved within liquid RNPs. An answer to this question would link RNP physical state to 
function, which is a major gap in knowledge within the field. 
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Does liquid phase condensation play a functional role in translational regulation? 
One well-appreciated function of mRNA localization is to enable spatially controlled 
production of proteins. The most common method the cell uses to localize proteins is directly 
targeting the protein after translation using specific amino acid sequences, such as nuclear and 
mitochondrial localization sequences (Imai and Nakai, 2010). Strikingly, however, a large-scale 
study of mRNAs in Drosophila embryogenesis revealed that ~70% of mRNAs examined localize 
to discrete positions within the cell, and in many instances, the mRNAs co-localize with the 
proteins that they encode (Lécuyer et al., 2007). This study suggests that the prevalence of 
patterned mRNA positioning and subsequently localized translation is likely underappreciated. 
mRNA localization to setup local translation is likely an evolutionarily conserved 
mechanism to distribute gene expression to various subcellular compartments and is found across 
all eukaryotes, from yeast to neurons, and also in some prokaryotes (Bramham and Wells, 2007; 
Gadir et al., 2011; Glock et al., 2017; Gonsalvez et al., 2005; Jung et al., 2012; Sutton and 
Schuman, 2006). Subcellular transcriptomics of neurons has revealed that distinct mRNAs are 
targeted to different compartments (Cajigas et al., 2012; Gumy et al., 2010; Taliaferro et al., 2016; 
Taylor et al., 2009; Zivraj et al., 2010).This intracellular patterning, thought at first to be only 
found in the specialized cells where it was discovered (Eddy, 1975; Hegner, 1911), likely occurs 
in many different cell types, such as in migrating fibroblasts, where subsets of mRNAs are 
localized to the cell protrusions (LAWRENCE, 1986; Mili et al., 2008). While mRNAs are 
targeted to subcellular locations, their translation remains repressed during their transit from the 
nucleus (Erickson and Lykke-Andersen, 2011; Krichevsky and Kosik, 2001), where the 
composition of the transported RNA granule is regulated by signals that are both intrinsic (Gumy 
et al., 2010; Taylor et al., 2009; Zivraj et al., 2010) and extrinsic (Dictenberg et al., 2008; Mingle 
 
79 
et al., 2005; Willis et al., 2007).Therefore, mRNAs are not just delivering genetic information from 
the genome to the translational machinery in the cytosol, but rather these localized mRNAs are 
“genomic outposts” (Jung et al., 2014) where functionally related mRNAs are translated together 
according to the needs of the cell. Thus, mRNA localization for local translation provides an 
efficient way to coordinate gene expression (Keene and Tenenbaum, 2002), akin to bacteria’s use 
of operons to co-regulate related genes. 
While the majority of research on local translation has been in neuronal cells, the findings 
are likely applicable to syncytial cells like filamentous fungi whom share very similar 
morphologies and almost certainly undergo local translation to regulate growth and respond to 
environmental cues. For example, in the pathogenic fungus, Ustilago maydis, the transport of 
septin mRNAs on endosomes to the hyphal tip is essential for morphogenesis and septin 
cytoskeleton assembly, indicating that the septin mRNAs must be locally translated on endosomes 
and assembled into heteromeric complexes before reaching their destination. Based on the scale 
of the structures in cells, it is unclear if the septin mRNAs and RBPs associated with the endosomes 
are in a phase-separated state for transport; however, this is a clear example of spatial control of 
gene expression through mRNA transport and local translation (Zander et al., 2016).  
In A. gossypii, whether Whi3-CLN3 RNA assemblies locally repress or activate Cln3 
protein activity is not yet clear. In fact, it is possible that Whi3 alternately represses or activates 
translation of the mRNA under different conditions, as has been shown for the RNA-binding 
protein Puf3 and its target mRNAs in S. cerevisiae (Lee and Tu, 2015). Further, it remains to be 
seen if Whi3 regulates its own phase separation to position WHI3 transcripts for the efficient and 
timely local translation of Whi3 protein. Several eukaryotic RBPs involved in mRNA processing, 
such as Poly(A)-binding protein (PABP) and Cytoplasmic Polyadenylation Element Binding 
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protein (CPEB4) have exhibited a translational autoregulatory feedback loop of their own 
transcripts in cells, leading us to postulate that Whi3 could exhibit this same type of behavior 
(Horstein et al., 1999; Hu et al., 2014). Interestingly, in the case of PABP autoregulation, 
experiments have shown that PABP selectively inhibits the translation of PABP mRNA through 
the binding to an A-rich motif in the 5’ untranslated region of the mRNA sequence and 
overexpression of PABP significantly enhances translational repression (Horstein et al., 1999). It 
is well appreciated that mRNA secondary structure can promote and modulate RBP binding, 
especially in terms of translational control (Dominguez et al., 2018; Ferrandon et al., 1997), and 
given the results presented in this thesis on Whi3 targets, it will be important determine what 
impact WHI3 mRNA secondary structure has on Whi3 protein translation and binding.  
Liquid phase condensation in patterning macromolecules in the cytosol 
The accumulated data in A. gossypii suggest that the multi-nucleate cytoplasm is organized 
into individual territories or neighborhoods that possess and govern their own local signals. 
However, many questions still remain in the field with respect to how multinucleate cells organize 
their cytoplasm. Although there is a global cellular input to tightly regulate the number of nuclei 
per unit volume of cytoplasm, transcriptional activity varies between individual nuclei only 
microns apart (Dundon et al., 2016). In addition, nuclei exhibit autonomous as well as coordinated 
behaviors; in the same cell, nuclei cooperate towards the maintenance of the organism as a whole, 
but nuclei can also be independently selected upon and thus potentially are in conflict with one 
another. The mechanisms to ensure proper stoichiometric ratios of nuclear products, the limiting 
of specific gene products to one or a subset of nuclei, and how nuclei maintain “identity” as they 




An elegant and complex mechanism is likely required to produce functionally organized 
regions through a continuous cytoplasm over a large range of size scales, from microns to meters. 
In different parts of the cell, nuclei must respond to nutrients and other stimuli in the environment, 
all while utilizing shared resources and contributing to the success of the whole organism. It is still 
unknown how differing conditions are transmitted to specific nuclei, or how those nuclei then 
produce either a coordinated or an autonomous response. 
The data presented here suggest that cellular phase separation is a plausible solution in 
which syncytial cells can use to organize their contents. Through the condensation of 
macromolecules, cells can create heterogeneous territories in their cytosol that differ in 
macromolecular crowding that can lead to changes in cytosolic density and diffusivity. In Ashbya, 
these territories are potentially caused by dynamic cytosolic flow and differential molecular 
crowding and also correlate with the localization of RNP liquid droplets within the cell, 
specifically Whi3-RNA condensates. Further, our data suggest that Whi3 condensation plays a 
direct role in the formation of these territories, as when Whi3 condensation is ablated, these 
territories homogenize. Further, it appears that Whi3-WHI3 condensates are specifically important 
for these territories, suggesting a role for Whi3 autoregulation in patterning the cytosol. It remains 
to be seen, however, how pervasive this phenomenon is across filamentous fungi, and the rest of 
the tree of life. It is certainly advantageous for the cell to regulate its molecular crowding, as seen 
in E. coli, but the exact mechanism a given organism uses will likely vary.  
Further, how RNP condensation, crowding, and cytoplasmic flow in hyphal organisms 
interact with one another, and how these phenomena are (co-)regulated, will be an exciting 
research opportunity for future work. It is clear that in Ashbya, Whi3 plays a vital role in these 
cellular phenomena, but how downstream functions of Whi3 and its target mRNAs are affected 
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will likely be nuanced and difficult to fully tease apart. One possible way to regulate condensation 
is to control the cytosolic concentration of protein able to phase separate. This could be done 
through an increase in mRNA transcript and subsequent protein translation (i.e. increased protein 
expression), but also through an increase in the crowding conditions within the cell, which has 
been recently shown to favor condensation of phase-separating proteins in vitro (Noree et al., 2010; 
Petrovska et al., 2014; Woodruff et al., 2017). In addition, during times of stress, such as starvation, 
cells can reduce their volume, thus increasing intracellular crowding (Joyner et al., 2016), which 
could increase the effective concentrations of various cytosolic macromolecules, and thus, 
potentially drive biomolecular condensation forward.  
Finally, exactly how features of the cytosol (e.g. pH, ionic strength). affect droplet 
assembly, disassembly, and biophysical properties is a very open question, especially in Ashbya. 
Changes in pH or salt could shift the ensemble of phase-separating proteins, which could affect 
Whi3 condensate formation. Thus, future experiments to elucidate the sequence features of Whi3 
that could act as a sensor to fluctuating cytosolic conditions will be critical to the present 
understanding of Whi3 condensate formation and regulation. It has been shown in both yeast and 
mammalian cells that changing physiochemical conditions of the cytosol influence protein 
interactions, and that certain phase-separating RBPs can actually tune their behavior based on 
changing cytosolic conditions (Rabouille and Alberti, 2017; Riback et al., 2017). Further, 
macromolecular crowding has been shown to affect biomolecular condensate assembly in vitro 
and in vivo, where different crowding agents dictated the liquid-like or solid-like nature of the 
centrosome protein, Spd5, in C. elegans (Woodruff et al., 2017). Thus, future research is needed 
in Ashbya to shed light on the molecular interactions and dynamic interplay between the 




In order to function properly and survive in various environments, all cells must organize. 
However, the organization problem is even more important in large, multinucleate syncytial cells. 
Filamentous fungi can cover very large amounts of ground (hundreds to thousands of square 
kilometers), where they can encounter a variety of environments. These cells must therefore 
carefully balance the challenges of these specialized regions and overall coordinated growth to 
ensure the survival of the entire organism. The lability of RNP condensations make them especially 
attractive as a mechanism by which syncytial cells react to fluctuating environments, and 
remarkably, the importance of mRNA localization and RNP condensation in these cells is just now 
beginning to be appreciated; thus, future studies will likely reveal shared parallels in regulation 
surrounding the spatiotemporal control of RNP droplet localization and the impact it has on 
cellular function. Syncytial cells should continue to serve as powerful systems for studying how 
cells use liquid-liquid phase separations to physically and dynamically pattern the cytoplasm, and 
the study of these specialized cell types will shed light on general 




APPENDIX: PROBING RNA STRUCTURE IN LIQUID-LIQUID PHASE 
SEPARATION USING SHAPE-MAP 
Introduction 
Membrane-less RNA-Protein (RNP) bodies are a key mode of intracellular organization in 
which diverse RNA and protein molecules coalesce for an array of cellular functions. Recent work 
has shown that these bodies often display liquid-like properties, assemble through disordered 
protein sequences and RNA, and can be modeled as liquid-liquid phase separations (LLPS) based 
on in vitro reconstitution (Banani et al., 2017; Hyman et al., 2014; Shin and Brangwynne, 2017). 
A growing list of compartments and processes have been shown to likely be governed by LLPS, 
including but not limited to the nucleolus, RNA granules, cell signaling networks, chromatin, 
transcription regulation and the synaptonemal complex (Banjade and Rosen, 2014; Brangwynne 
et al., 2009; Li et al., 2012; Lin et al., 2015; Molliex et al., 2015; Rog et al., 2017; Saha et al., 
2016; Smith et al., 2017; Strom et al., 2017; Weber and Brangwynne, 2015; Zhang et al., 2015). 
To determine mechanisms for how distinct assemblies may emerge in the cytoplasm, we 
developed a simplified reconstitution of RNA-protein droplets in vitro with purified protein 
and mRNAs (Figure 1). This model LLPS system uses a fungal RNA-binding called Whi3 which 
has an RRM-motif and an extended poly-Glutamine (polyQ) tract along with mRNAs that bind to 
this protein encoding cell cycle (the cyclin, CLN3) and cell polarity (formin, BNI1) factors (Lee et 
al., 2013; 2015) Purified Whi3 protein can phase separate on its own in the absence of mRNA at 
low salt concentrations, but RNA lowers the critical protein concentration needed to de-mix at 
physiological conditions. Using this method, we also showed that different RNAs produce droplets 




It well established that RNA can modulate the protein binding behavior of RNA binding 
proteins in certain structural contexts (Jain et al., 2017; Taliaferro et al., 2016; Tamayo et al., 
2017). Until recently, it has been poorly understood how certain RNA sequences could affect the 
assembly or properties of RNPs in LLPS. RNA has been shown to be a driver of LLPS and can 
modulate the material properties of droplets(Elbaum-Garfinkle et al., 2015; Taylor et al., 2016; 
Zhang et al., 2015), however, there has been limited understanding how specific RNAs are 
recruited to and maintained in distinct droplets. We recently found that the structure of mRNAs is 
a key determinant of the identity of droplets formed by LLPS and is critical for the sorting of 
different mRNAs into distinct droplets. To identify this mechanism for droplet identity, the droplet 
assay for Whi3 and target RNAs was coupled with the already established SHAPE-MaP protocol 
(Smola et al., 2015) , which distinguishes between folded and unfolded structures along mRNA 
sequences. Using this approach, we probed intra-droplet RNA structure and identified secondary 
structure information of mRNAs and determined secondary structure changes on mRNA in the 
presence of protein (Figure 2) (Langdon et al., 2018). The method described below should be 
amenable for use with many combinations of RNAs and RBPs that condense into droplets to 
identify the how RNA structures both influence and are influences by LLPS.  
Materials 
Recombinant Protein Expression and Purification 
1.  BL21 DE3 E. coli (New England Biolabs) and plasmid capable of expressing a 6- histidine 
tag with and without GFP tag.  
2.  Nickel NTA Resin (Qiagen), gravity columns. 
3.  Lysis buffer (1.5M KCl, 20 mM Tris pH 8.0, 20 mM Imidazole pH 8, 1 mM DTT, 1 tablet 
of Roche protease inhibitor cocktail) 
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4.  Elution buffer (150 mM KCl, 20 mM Tris pH 8.0, 200 mM Imidazole pH 8.0,1 mM DTT). 
 5. Dialysis/storage buffer (150 mM KCl, 20 mM Tris pH 8.0, 1 mM DTT). 
6.  Dialysis cassettes. 
7.  Liquid nitrogen. 
Probing intra-droplet RNA structure using selective 2′-hydroxyl acylation analyzed by 
primer extension and mutational profiling (SHAPE-MaP) 
1.  Recombinant protein (unlabeled and labeled) 
2.  Labeled in vitro transcribed RNA, 
3.  RNASE-free Droplet buffer (150 mM KCl, 20 mM Tris pH 8.0, 1 mM DTT)  
4.  RNASE-free Bovine serum albumin (30 mg/mL)  
5.  Chambered cover glass (Grace-Bio). 
6.  DMSO and 1-methyl-7-nitroisatoic anhydride (1M7) 
7. Heat block capable of reaching 100 degrees Celsius 
8. RNA and DNA purification beads (Agencourt) and magnet. 
9. Superscript II reverse transcriptase (Invitrogen) RT primer, step 1 and step 2 PCR primers 
(Integrated DNA Technologies, custom synthesis) (see Note 1). 
10. MaP buffer: 5X (250 mM Tris (pH 8.0), 375 mM KCl, 50 mM DTT and 2.5 mM each 
dNTP. This solution is stable for months at −20 °C, but storage of small aliquots at −20 °C is 
critical. Discard the buffer after five freeze-thaw cycles. 2.5X (125 mM Tris (pH 8.0), 187.5 
mM KCl, 15 mM MnCl2, 25 mM DTT and 1.25 mM dNTPs). Prepare this solution fresh by 
mixing equal volumes of 5X MaP buffer and 30 mM MnCl2. 
11. Deoxynucleotide triphosphates (dNTPs; 10 mM each nucleotide; New England BioLabs). 
12. Illumina sequencing primers and MiSeq instrument. 
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13. ShapeMapper and SuperFold software available from 
http://Weeks.chem.unc.edu/rna/software. 
Methods 
Production and Maintenance of Protein 
1. In the evening, inoculate 25 mL LB culture containing resistance antibiotic with a colony of 
freshly grown Bl21 (DE3) E. coli containing the construct. Incubate shaking at 37o ºC overnight. 
2. Prepare a 1 L Terrific Broth culture containing resistance antibiotic. Dilute starter culture 1:60 
and grow at 37 ºC with shaking for 2 hours, then drop to 18 ºC and grow until culture reaches an 
OD 0.6-0.7. At this point, induce culture with IPTG to a final concentration of 1 mM and incubate 
with shaking at 18 ºC for 20 hours. 
3. Pellet induced E. coli at 10,000 x rpm. Pour off supernatant and immediately begin with lysis 
or freeze pellet at -80 for purification later. 
4. Resuspend pellets in a total of 25 mL lysis buffer, 1.5 mL 10mg/mL lysozyme, one tablet of 
Roche complete protease inhibitor. Resuspend over the course of 30 minutes. Transfer pellet to a 
50 mL falcon tube and sonicate for 10 seconds. Allow foam to settle for ~2 minutes. Sonicate for 
another 10 seconds. 
5. Pellet lysed and sonicated E. coli at top speed (20,000 rpm) for 30 minutes. After spin, pass 
supernatant through 0.44 um filter using a 60 mL syringe. This usually requires changing the filter 
every 5 mLs. 
6. Ni-NTA Bed should be made using 2 mL NTA resin for each liter of cells. Equilibrate column 
with lysis buffer by 2- 5x column volume washes. Load filtered supernatant from cleared lysate 
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onto the equilibrated Ni-NTA column and allow to run through the column, collecting a small 
amount of sample for SDS-PAGE. Wash the Ni-NTA column with 3 – 5x column volumes of wash 
buffer. Finally, elute the protein with 6-10 mL elution buffer. 
7. Analyze by SDS-PAGE and dialyze into storage buffer. Proteins can be used immediately and 
then stored at 4 ºC for a few weeks. It is best to aliquot freshly purified proteins into volumes 200 
µl or less and flash freeze and store at -80 ºC. Frozen protein is useable for up to a year, although 
some hydrolysis will occur. Proteins should be thawed on ice and then spun at top speed to pellet 
any aggregated proteins in the solution. Remove the supernatant and then re-measure protein 
concentration before using. 
(See Note 1 for challenges and considerations for protein purification) 
Transcription and Maintenance of labeled RNA 
1. Make sure the plasmid is linearized by PCR or restriction digest and that only one copy of the 
T7 promoter is present. 
2. Assemble linearized DNA, nucleotides (ATP, UTP, CTP, GTP, and UTP cy3 or cy5), T7 
polymerase and follow manufacturer instructions for RNA transcription using modified 
nucleotides: 1.5 µl each of ATP;UTP; CTP; GTP; and 0.1 µl UTP cy3 or cy5; 1.5 µl buffer;10.9 
µl of linear DNA, and 1.5 µl of T7 polymerase. This protocol uses NEB Hiscribe T7 in vitro 
transcription kit, but other kits can be used. 
3. Incubate overnight at 37 ºC. 
4. Bring the volume of reactions to 90 µl with nuclease free H20 and add 10 µl of DNase reaction 
buffer plus 2 units of DNASE enzyme. Incubate at 37 ºC for 10 minutes. Stop reactions by adding 
1 µl of 0.5 M EDTA at 65 ºC for 5 minutes. 
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5. Add 2.5M LiCl solution (dissolved in nuclease free water) to half the volume of the DNASE 
reaction and incubate at -20 ºC for 4-16 hours. Pellet RNA at top speed at 4 ºC for 10 minutes. 
6. Aspirate supernatant and wash pellet with ice-cold 80% ETOH three times. 
7. Let pellet air-dry and resuspend in 200 µl TE buffer and store at -80 ºC. 
Droplet Assembly and Imaging 
1. Pre-treat chambered coverglass with 30 mg/mL BSA (Sigma) for 30 minutes. Wash chambers 
3 times with droplet buffer and let air dry. 
2. All proteins used in experiments contain 10:1 unlabeled to GFP-labeled versions. To lower salt 
concentration for protein only phase separation, mix dialyzed proteins with no salt buffer (50 mM 
Tris [pH 8], 1 mM DTT) to obtain desired protein and salt concentrations. For RNA experiments, 
dilute proteins with droplet buffer (50 mM Tris [pH 8], 1 mM DTT, 150 mM KCl) to desired 
concentration and then add desired concentrations of unlabeled or labeled RNA. 
3. Allow proteins and RNAs to incubate at room temperature for 1-4 hours or until phase 
separation occurs and droplets form. This will vary depending on concentrations and specific 
components used as well as desired state of droplet i.e. liquid or hardened. (See Note 2) 
4. Mount chamber on microscope and screening for droplets using phase contrast, epifluorescence 
or laser light. When imaging, make sure the field contains a few saturated pixels, but that most of 
the image is unsaturated for proper quantification. Droplets can be imaged for quantification of 
size, protein and RNA recruitment and concentration, fusion kinetics and biophysical properties 
by performing Microrheology or FRAP experiments (see methods of (Brangwynne et al., 2011; 




Probing intra-droplet RNA structure using selective 2′-hydroxyl acylation analyzed by 
primer extension and mutational profiling (SHAPE-MaP) 
1. Pre-treat chambered coverglass with 30 mg/mL BSA (Sigma) for 30 minutes. Wash chambers 
3 times with droplet buffer and let air dry. 
2. Dilute protein with droplet buffer (50 mM Tris [pH 8], 1 mM DTT, 150 mM KCl) to desired 
concentration and then add desired concentrations of unlabeled or labeled RNA in a total volume 
of 200 µl. 
3. Allow proteins and RNAs to incubate at room temperature for 1-4 hours or until phase 
separation occurs and droplets form. You will need two wells for each RNA probed with 1M7, a 
positive (1M7) and a negative (+DMSO). 
4. To empty negative wells add 20 µl of DMSO and then add 200 µl of negative reactions from 
step 3 and mix. To empty positive wells, add 20 µl of 100 mM 1M7 dissolved in DMSO (final 
concentration 1 mM) and then add 200 µl of positive reactions from step 3 and mix. Incubate at 
room temperature for 10 minutes. 
5. To denature the proteins and extract the modified RNA, heat the chambers on a heat block or 
in an oven to 95 °C for 10-15 minutes. 
6. Add 1.6X volume of reaction of Agencourt RNAClean XP beads to the wells and incubate for 
5 minutes. Move reaction to small PCR tubes and then place on a magnet and wait for liquid to 
separate from the beads. Remove liquid and wash beads 3 times with 80% ETOH. Let beads air 
dry and elute RNA off beads in 30 µl of RNASE-Free water. 
7. Perform reverse transcription with specific primers (see note): Add 10 µl of (+), (−) to separate 
PCR tubes. To each tube, add 1 µl of 2 µM reverse transcription primer. Incubate at 65 °C for 5 
minutes and then cool on ice. (See Note 3) 
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8. Add 8 µl of 2.5X MaP buffer to each tube. Mix well and incubate at 42 °C for 2 minutes. 
 9. Add 1 µl of SuperScript II reverse transcriptase to each tube and mix well. Immediately incubate 
the reaction tubes at 42 °C for 3 hours. 
10. Heat the reactions to 70 °C for 15 min to inactivate SuperScript II reverse transcriptase. Place 
them at 4 °C. 
11. Purify cDNA from the (+) and (−) reactions using Agencourt AMPure XP beads, according to 
the manufacturer’s instructions. Proceed to Library preparation and sequencing. 
12. Follow library preparation protocol (step 20A as per Smola et al. Nature Protocols 2015). In 
brief, 
a) Setup step 1 PCR per experimental condition in PCR plate. Use thermocycler to cycle through 
the program as described in Smola et al. 20A(ii). 
b) Purify step 1 PCR products from (+) and (–) reactions using PureLink PCR micro spin columns. 
Elute into 10 µL H2O. 
c) Setup step 2 PCR per experimental conditions in PCR plate. Use program as described in Smola 
et al. 20A(v). 
d) Remove PCR plate from thermocycler. Add 45 µL of Agencourt AMPure XP beads to each 
well. Mix thoroughly. Incubate at room temperature for 5 min. 
e) Plate PCR plate on magnetic stand for 2 minutes or until supernatant is clear. Remove and 
discard supernatant. 
f) Still on magnetic stand, add 200 µL of 80% ethanol to each well. Incubate for 30 s, then remove 
and discard ethanol. 
g) Repeat step 12f twice more. Remove any ethanol remaining by 10 µL pipet. Still on magnetic 
stand, let air dry 15 min. 
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i) Remove plate from magnetic stand. Add 17 µL H2O to each well. Pipet up and down to mix well. 
Incubate at room temperature for 10 min. 
j) Place plate on magnetic stand for 2 min or until supernatant is clear. 
k) Remove 15 µL of DNA-containing supernatant from each well and place each in separate 1.7-
mL microfuge tubes. 
13. Measure the library concentration using a high-sensitivity DNA detection assay such as Qubit 
fluorometer using the Qubit™ dsDNA HS Assay Kit from Thermo Fischer Scientific. 
 14. Evaluate the library size distribution using an Agilent High Sensitivity DNA analysis kit to be 
run on an Agilent Bioanalyzer according to the manufacturer’s instructions. Libraries should 
appear as a single, well-defined peak. 
15. Calculate library molarity by calculating the molecular weight of dsDNA based on the input 
RNA sequence, and then add 81,000 g/mol to account for adapter sequences. Use this final 
molecular weight and the mass concentration from Step 13 to calculate the concentration (in nM) 
of the library. Depending on library preparations and starting sequence length the size range and 
mass concentration will vary. The final concentration of pooled libraries for sequencing should be 
2 nM, with ideally each sample being close to that concentration before pooling. 
16. Sequence libraries on an Illumina MiSeq or another sequencer according to the instrument 
instructions. Configure the sequencer to produce, FASTQ-formatted output. 
17. Follow instructions in (Smola et al 2015) ShapeMapper analysis as described. In brief, 
a. Create a “RUN” folder. Ensure no spaces are present in the entire path to the directory. 
b. Copy/move uncompressed FASTQ files from previous step into RUN folder. 




d. Copy EXAMPLE.cfg file provided with ShapeMapper into RUN folder and rename file. 
e. Edit configuration file using text editor as needed for your setup (e.g., paired-end, random 
priming, Nextera library prep). See Smola et al 2015 for more details. Then, add sample names 
followed by alignment targets to the “[alignments]” section. Specify samples to be combined into 
reactivity profiles in “[profiles]” section. 
f. In command line (terminal), navigate to RUN directory. Run ShapeMapper by calling it like so: 
“ShapeMapper.py [config.cfg]”. Upon completion, reactivity profiles will be written to “reactivity 
profiles” directory within the output folder. 
g. Use SHAPE reactivities to guide secondary structural modeling in RNA folding programs, such 
as SuperFold. 
Notes 
1. Challenges and considerations for purification of phase-separated proteins: 
The aforementioned protocol is a starting point for initial purification for phase separating 
proteins. Due to their nature to precipitate, pull down unwanted DNA and RNA, one must consider 
alterations to this protocol to suit ones needs. For example, adding a nuclease into the lysate could 
aid in the removal of unwanted nucleic acids that could have deleterious downstream effects in 
experimental assays. In our hands, we have found that laboratory made or store-bought Terrific 
broth yields best induction and replication results of the bacteria producing the proteins. Further, 
the sonication step is crucial in assuring that the cells are lysed properly. In addition, you might 
find that your supernatant is sticky or very viscous due to the natural properties of these proteins, 
therefore, the filtering of the lysate before incubating it with the beads allows the proteins to pass 
through the column more efficiently and not aggregate the beads. Many tags can be used to purify 
these types of proteins; however, in our hands, a 6histidine-tag has worked best, but others have 
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had success with MBP, HALO, and Streptavidin tags. Further, the solutions and salt concentrations 
are particular to our protein, but could serve as a good starting point, but other buffers such as 
HEPEs and salts such as NaCl should also be considered in addition to different solution pH as 
well. Each of these phases separating proteins has their unique sets of considerations, and this 
protocol is not an exhaustive list of them, but merely a starting point and general guideline. 
2. Thoughts on starting points for RNA/Protein droplet assay: 
To determine conditions for phase separation of protein and/or RNA in 
a simplified reconstitution of purified protein and RNAs, it is best to start with relatively low salt 
(20-75 mM) and high protein (25-100 µM) concentrations in order to drive together the multivalent 
interactions between the phase-separating domains along the proteins. This can also be tried with 
RNA alone, or by adding an electrostatic interactor into the mix such as the positively charged 
molecule spermine. RNA will typically lower the critical concentration for phase separation due 
to increased electrostatic and multivalent interactions between the RNA molecules and the 
proteins, thus that assay could be done in a more high, physiological salt such as 150 mM and 
lower protein and RNA concentrations in the 10 nM-10 µM range. Depending on the goals of the 
assay, molecule constituents, concentrations, buffer conditions, and time of phase separation can 
vary widely. These are the things in within the assay that can be experimented with and fine-tuned 
in order to drive robust phase separation or to dissolve it. In addition, molecular crowders such as 
polyethylene glycol, ficoll, and others can also be added into the assay to change the phase 
separation process. Again, these are all considerations that should be taken into account, however, 
which considerations matter depends on the individual protein and RNA molecules in addition to 




3. Modified RT-PCR primers for small RNAs: 
PCR is performed in two steps (see Smola et al., 2015 Tables 3 and 4). The first step uses 
RNA-specific primers (i.e. forward sense and reverse anti-sense), with an adjacent random 5-nt 
sequence for sequencing. The second step is performed using universal primers with a 6-nt 
“barcode” sequence for sample identification. These primers are not specific to the RNA of interest 
and can be reused. 
Outlook 
This method combines biochemical and structural biology techniques to investigate RNA–
protein interactions and their influence on RNA secondary structure within LLPS droplets. As 
biological phase transitions become more and more appreciated as a general mechanism of cell 
organization across many types of cells and organisms, we believe this method will be applicable 
to study LLPS in these diverse backgrounds, including pathological diseases. As RNA secondary 
structure is a way to control the composition of droplets, we hope this method will illuminate 
other situations in which RNA secondary structure may influence and be influenced by LLPS with 
RNA-binding proteins. Further, as SHAPE-MaP and other structural techniques that combine 
Next Generational Sequencing (NGS) technologies are improved upon, these advances will be 
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